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Hemoglobin combines with oxygen less readily in the presence of carbon 
dioxide. This influence of carbon dioxide on mammalian hemoglobin is frequently 
called the Bohr effect after its first observer (Bohr, Hasselbalch and Krogh, 
1904). In the blood of some fish the effect of carbon dioxide upon hemoglobin is 
more pronounced than in mammals (Krogh and Leitch, 1919), and it is particu- 
larly conspicuous in the blood of several marine fishes (Root, 1931), in which a 
change in carbon dioxide tension of only a few millimeters greatly reduces the 
affinity of the hemoglobin for oxygen. Because the consequences have an im- 
portant significance for respiratory transport, Green and Root (1933) made a 
theoretical study of the carbon dioxide effect in fish blood. They concluded that 
the effect of carbon dioxide could be described in terms of the acidification which 
is produced if it were assumed that acidity suppressed the acid dissociation of the 
fish hemoglobin and only the ionized hemoglobin combined with oxygen. Ac- 
cording to this view, the effect of carbon dioxide could be reproduced by any 
other acid. 

Several subsequent observations add new information pertinent to the carbon 
dioxide effect. The blood of a number of fresh water and marine fish, but not 
equally of all, is sensitive to the effect of carbon dioxide upon oxygen combination 
(Willmer, 1934; Black, 1940; Root, Irving and Black, 1939; Benditt, Morrison 
and Irving, 1941). Hemolysis of the blood of several fish was found to render 
their hemoglobin quite insensitive to carbon dioxide (Black and Irving, 1938), so 
that it appeared that the condition of the hemoglobin in the erythrocyte was 
essential for the special sensitivity of fish hemoglobin. Elimination of the carbon 
dioxide effect by hemolysis is not always complete, however, for Benditt, Morrison 
and Irving (1941) found that after hemolysis of the blood of Atlantic salmon the 
carbon dioxide effect was reduced, but still evident. The oxygen-combining 
power of the hemoglobin of hemolyzed blood of some marine fishes is not strikingly 
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affected by acidification with phosphate buffers (Hall and McCutcheon, 1938), 
Other influences than acidity, such as the formation of carbamino compounds 
(Roughton, 1935) and the influence of certain ions beside those of hydrogen 
(Barron, Munch and Sidwell, 1937; Sidwell, Munch, Barron and Hogness, 1938) 
on mammalian hemoglobin can strongly affect oxygen combination. 

These recent studies have emphasized the influence of factors other than 
hydrogen ion concentration upon the combination of oxygen with hemoglobin. 
It seemed desirable, therefore, to examine further the part of hydrogen ion con- 
centration in the effect of carbon dioxide upon fish blood. The studies have been 
carried out on the blood of the marine fish Tautoga onitis (Linn.). Earlier studies 
had shown that the whole blood of this fish was much affected by carbon dioxide, 
but that there was little effect of carbon dioxide up to 75 mm. Hg pressure when 
the blood had been hemolyzed (Root, Irving and Black, 1939). We have sub- 
jected the hemolyzed blood of the tautog to pressures of carbon dioxide up to 500 
millimeters and determined its ability to combine with oxygen. These effects are 
compared with those obtained when lactic acid is substituted for carbon dioxide, 
in both whole and hemolyzed blood, in order to determine how the effect of carbon 
dioxide on the hemoglobin is related to acidity. The results show that hemolyzed 
blood, although little affected by low tensions of carbon dioxide, reacts in a man- 
ner similar to whole blood when the carbon dioxide pressure is raised sufficiently. 
Furthermore, similar effects can also be produced with lactic acid. 


METHODS 


The methods used in obtaining blood, equilibrating it, and analyzing the gas 
phases were the same as those described in a previous paper (Root and Irving, 
1940). Hemolysis was secured by the addition of a few drops of highly con- 
centrated saponin solution. When lactic acid was used, a measured quantity of 
blood was placed in a tonometer and rapidly whirled as the acid was added 
drop by drop. Correction was made for dilution of the blood when determining 
the oxygen content of the samples. 

As a criterion of the ability of any sample of blood to combine with oxygen, 
the blood was equilibrated with 155 millimeters oxygen (approximately air 
tension) at 15° Centigrade, and the percentage HbO, determined. The value 
obtained by such a procedure will be used to indicate the ‘‘oxygen-combining 
power”’ of the blood sample. 

The pH of the blood samples equilibrated with carbon dioxide was determined 
either by use of the Henderson-Hasselbalch equation, assuming a pK value of 6.27 
at 15° Centigrade, or by measurement with the glass electrode. The pH of the 
lactic acid-treated blood was in all cases necessarily measured with the glass 
electrode. A remark is necessary concerning the validity of the calculated pH 
values. We have plotted the logarithms of the carbon dioxide tensions against 
both the calculated and the measured pH values for a number of the carbon 
dioxide-treated blood samples. In either case, a straight line relationship ob- 
tained for almost the entire range of pH values. Although the curves for the 
calculated and the measured pH values were not identically placed, the calculated 
values being usually 0.1—-0.2 pH unit higher than those measured, they paralleled 
each other nicely, indicating that disparity between the two could be removed 
by the use of a slightly different constant in the calculations. 
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The stability of the more acid blood samples was checked by redetermining 
their oxygen capacity following treatment with carbon dioxide or lactic acid. 
For lactic acid samples, it was necessary to neutralize the acid by an equivalent 
amount of NaHCO;. Our experience has shown that some methemoglobin was 
likely to be formed in blood more acid than approximately pH 6.5, and that it 
was necessary to make allowance for this in calculating the percentage HbO, 
present in these samples. Methemoglobin formation proved to be more trouble- 
some with hemolyzed blood than with the whole blood. 


RESULTS 


It can be seen from Figure 1 that whole blood begins to lose oxygen-combining 
power rapidly as the pH falls below 7.7 (carbon dioxide tension about 2 mm. Hg). 
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Figure 1. The relation between oxygen-combining power of hemoglobin at 155 mm. O:- 
pressure and pH in whole and hemolyzed blood of the tautog at 15° Centigrade. The pH was 
modified by the addition of carbon dioxide, the approximate tensions being indicated in the graph, 
and was calculated by means of the Henderson-Hasselbalch equation. 


Hemolyzed"blood, on the contrary, shows little loss in oxygen-combining power 
until the pH goes below 6.5 (carbon dioxide tension approximately 100 mm. Hg). 
This is in agreement with Hall and McCutcheon’s (1938) observation that 
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FiGuRE 2. The relation between the oxygen-combining power of hemoglobin at 155 mm. O:- 


pressure and pH in whole and hemolyzed blood of the tautog at 15° Centigrade. The pH was 
modified by carbon dioxide and was measured by means of the glass electrode. 


hemolyzed tautog blood in phosphate buffers showed little loss in oxygen-affinity 
through a pH range of 6.8-7.4. Below pH 6.5 it begins to lose oxygen-combining 
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power rather rapidly. By the time 50 per cent of the oxygen-combining power 
has been lost the pH of whole blood is about 7.1, whereas the pH of hemolyzed 
blood is as low as 6. The curves remain similar in shape, and the similarity sug- 
gests correspondence in the behavior of the hemoglobin inside and outside of the 
cell. 

The data of Figure 2, obtained by measurement of pH with the glass electrode, 
agree with the results shown in Figure 1. These curves cannot be exactly super- 
imposed on the corresponding curves of Figure 1, since, as pointed out previously, 
the measured and calculated pH values disagreed by a constant. 

The data of Figure 3 show nearly the same effect on hemoglobin when the pH 
is modified by lactic acid instead of carbon dioxide. This holds for both whole 
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FIGURE 3. Comparison of the relationship between oxygen-combining power of hemoglobin 
at 155 mm. O:-pressure and pH in whole and hemolyzed blood of the tautog at 15° Centigrade 
when the pH (measured) is modified either by carbon dioxide or by lactic acid. 


and hemolyzed blood. There is no great difference in the effect of the acidity 
produced by the two acids on the oxygen-combining power of hemoglobin in 
whole blood. Hemolyzed blood is also affected according to pH, although at a 
lower pH than in whole blood. 


DIscUSSION 


The difference in the tension at which carbon dioxide begins seriously to affect 
the oxygen-combining power of hemolyzed tautog blood, as compared with the 
whole blood, led to the earlier conclusion (Root, Irving and Black, 1939) that 
hemolysis renders this blood insensitive to carbon dioxide. At that time, hemo- 
lyzed blood was treated with less than 100 millimeters carbon dioxide (maximum 
about 75 millimeters), and, as the present work indicates, there is no considerable 
loss in oxygen-combining power under these conditions. It can still be stated 
that hemolyzed blood is insensitive to moderately low carbon dioxide tensions; 
but with tensions greater than 100 mm. Hg hemolyzed blood shows the same 
general phenomenon as is exhibited by whole blood at a much lower partial 
pressure of carbon dioxide, namely, a rapid falling off in oxygen-combining power. 
This finding indicates that hemolysis does not so modify the properties of hemo- 
globin that it is incapable of responding to acidity. It suggests that, in whole 
blood, the pH of the cells may be considerably less than that measured in the 
plasma. If that view is correct, when hemoglobin is released into the plasma, the 
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carbon dioxide tension causing a given loss in oxygen-combining power will exceed 
the tension required for an equivalent loss from whole blood. 

To examine this view, it may be assumed that the introduction of carbon 
dioxide varies only pH, and that the difference in the response of whole and 
hemolyzed blood is only a matter of difference between plasma and red cell pH. 
The pH which produces 50 per cent loss of oxygen-combining power in hemolyzed 
blood would be that prevailing in the red cell when the whole blood also suffers 
50 per cent loss. Figure 1 shows that for hemolyzed blood the pH for 50 per cent 
loss is approximately 6. For a corresponding loss in oxygen-combining power, 
the whole blood has a pH slightly above 7, and the pH of the red cell should be 6 
when the pH of whole blood or plasma is 7. We have calculated the pH of the 
red cell from data on its carbon dioxide content given by Root and Irving (1940). 
The calculation was based upon determinations made at a carbon dioxide pressure 
sufficient to cause a 50 per cent loss in oxygen-combining power of whole blood. 
The calculated pH in the cell was 6.9, or 0.9 higher than in hemolyzed blood with 
the same oxygen-combining power.! 

The results obtained with lactic acid, since they parallel those obtained with 
carbon dioxide, make it appear that the response of whole blood to carbon dioxide 
is essentially an acid response. The results give no indication that the anions of 
lactate and bicarbonate differ in their effect on the hemoglobin of fish blood. 

One of the most urgent requirements yet remaining to further knowledge on 
the effect of carbon dioxide on fish blood is the determination of the pH inside the 
red cell for any given carbon dioxide pressure and pH of the plasma. The fact 
that hemolysis causes considerable drop in the carbon dioxide-combining power 
of the blood indicated that the cell was more acid than the plasma (Root and 
Irving, 1940), but calculations have failed to reveal that it is more acid than 
0.1-0.2 of a pH unit. 

We are indebted to the following individuals for assistance during this in- 
vestigation: Dr. S. W. Grinnell, for measurements of pH with the glass electrode; 
Virginia Safford Black and Henry Brown, for technical aid in the routine analyses 
of the blood. We also wish to thank Dr. P. S. Galtsoff, Director, and Mr. Robert 
Goffin, Superintendent, of the U. S. Bureau of Fisheries at Woods Hole, for their 
generous co-operation in the matter of laboratory space and facilities. 


SUMMARY 


A study has been made of the effect of carbon dioxide and lactic acid on the 
oxygen-combining power of whole and hemolyzed tautog blood. The data pre- 
sented show the change in oxygen-combining power of the blood as a function of 
pH, when the pH is modified either by the addition of carbon dioxide, or lactic 
acid. Both whole and hemolyzed blood lose much of their ability to combine 
with oxygen as the pH is lowered. The effect of carbon dioxide and lactic acid is 


1 Prof. A. C. Redfield, who kindly read the manuscript of this paper, has suggested that there 
may be a change in the acid dissociation of the hemoglobin upon hemolysis. This could account 
for the marked difference in the behavior of the whole and hemolyzed blood toward acidity, without 
the necessity of assuming a large difference in pH between the plasma and the red cell. At the 
same time it would be quite in line with the theory advanced by Green and Root (1933) to account 
for the marked effect of CO2 on the oxygen-combining power of the whole blood. We are grateful 
for this suggestion. 
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quite similar. The similarity between the effects of carbon dioxide and lactic acid 
suggests that carbon dioxide and anions lactate and bicarbonate have no special 
effect beyond the result of acidity. 

The contrast in oxygen affinity of whole and hemolyzed blood is shown by the 
fact that hemolyzed blood must be made one pH unit lower than the calculated 
pH of the cells to produce the same reduction of oxygen affinity. 
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INTAKE AND LOSS OF IONS BY LIVING CELLS. I. EGGS AND 
LARVAE OF ARBACIA PUNCTULATA AND ASTERIAS FORBESI 
EXPOSED TO PHOSPHATE AND SODIUM IONS! 


S. C. BROOKS 
(From the Marine Biological Laboratory, Woods Hole, and the University of California, Berkeley) 


In the summers of 1940 and 1941 the writer attempted to apply the tracer 
technique to measure the permeability of marine eggs and larvae to inorganic ions. 
The y-emission of most suitable ions prevented transmission of these ions through 
the mails or by express, and in consequence it was decided to try the phosphate ion. 
Activated phosphorus, ;;P", emits 8-particles, but no detectible y-rays; the 8-par- 
ticles are effectively screened by ordinary packing. 

The use of the phosphate ion involves on the other hand its low solubility in 
sea water. The ion used was predominantly HPO;¢, since the sodium phosphate 
solution prepared to a pH of 7.35 was brought to a pH of about 8.0 on solution in 
sea water. The solubility of CaHPQO,, the first salt to appear on adding NazHPO, 
to sea water, is about 0.2 gm. L~, equivalent to 1.41 mM. No figures have been 
found relating to the effects of the other ions on the solubility of CaHPO, The 
imposed limits of solubility of phosphates made it necessary to use concentrations 
materially less than 1.4mM. Here we have used 0.195 to 0.81 mM. When eggs 
are immersed in such dilute solutions it appears that such protoplasmic constitu- 
ents as the proteins would usually be capable of combining with ions greatly in 
excess of the amount of the phosphate ion likely to be found in the eggs. This 
will be referred to in the discussion. 


METHODS 


Living materials. Eggs of Arbacia punctulata (Lam.) were obtained by re- 
moval of ripe ovaries to fresh sea water. The shed eggs were passed through 
gauze, and concentrated by gentle centrifugation; (2400 gravity for 15 seconds). 
These eggs had a mean diameter of 72 u, and were surrounded by a tenuous jelly 
12 to 204 thick. This was almost completely removed by the process of con- 
centrating eggs. 

When eggs were to be fertilized or larvae reared dry sperm was collected, sus- 
pended in sea water approximately 0.5 per cent. About 0.2 ml of this suspension 
was added to 100 ml of sea water containing 1 ml of eggs. Fertilization tests were 
run in all experiments, and usually a success of 98 per cent or more was obtained. 
No experiments yielding less than 94 per cent success are considered here. Forma- 
tion of the fertilization membrane was counted asa success. The eggs of Asterias 
forbesi (Desor.) were obtained in much the same way as those of Arbacia. But 

1 This work has been supported by grants from the Research Committee of the University of 
California and greatly helped by facilities provided by the Marine Biological Laboratory of 
Woods Hole. Both of these are gratefully acknowledged. In this work the writer was assisted 
by Dr. L. J. Mullins, Mr. A. H. Whiteley, and Mr. Aser Rothstein. 
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these eggs are obtained in an unripe state, in which their diameter is about 130 u; 
on standing in sea water the eggs ripen, and shrink to about 1204. The present 
experiments were done with a mixture of ripe and unripe eggs. The eggs are 
enveloped in a jelly whose thickness is about 12 4. This jelly is practically all 
removed from the eggs during their collection and concentration. In all other 
ways these experiments are like those with Arbacia eggs. 

Reagents. Woods Hole sea water and water distilled at the Marine Biological 
Laboratory were used. Sodium phosphate was obtained through the kindness of 
the Radiation Laboratory of the University of California, and was thus provided 
as a solution either 0.210 or 0.105 M and adjusted to the pH of human blood 
plasma, viz., 7.35. Neutron bombardment of ,,P*! transformed about one ten 
millionth of the atoms to ;;P®”. The phosphorus thus activated was oxidized to 
phosphoric acid and partially neutralized with NaOH. The phosphate solutions 
received at Woods Hole had originally activities of 130-470 mC L—. This 
isotope emits 8-particles of a maximum energy of 1.72 M.E.V. The activity was 
measured against the y-emission of radium in equilibrium with its products. 
The activity at the time of each experiment was calculated using a decay con- 
stant of 0.0479 per day; the half life of ;;P® is 14.2 days. Phosphorus containing 
iP" will be designated as P*. .A sample of radioactive NaCl was generously 
furnished by Prof. K. T. Bainbridge of the Department of Physics, Harvard 
University, and was used in two experiments. The characteristics of this isotope 
(1,Na**) have been described previously (Brooks, 1939). 

Solutions. Eggs or larvae were immersed in solutions of this phosphate in 
sea water. Concentrations used lay between 0.195 and 0.81 mM, the concen- 
trations being dictated by the radioactivity of the dilution. They are well below 
the solubility of CaHPO, which is 0.2 gm. L™ or 1.4mM L~—. No precipitate 
was observed in the experimental solutions, at least during the duration of the 
experiments. Similarly no significant decrease in activity of these solutions was 
noted in the same times, the decay being negligible. The activities of these solu- 
tions at the beginnings of the experiments lay between 0.29 and 0.045 mC L~. 
These values lie well below the levels indicated for toxicity of Na* by Mullins 
(1939). This ion had been calibrated by comparison of the y-radiations of this 
and radium in equilibrium with its products, and since its B-activity is about 20 
times its y-activity we may say that the toxic limit for Na* is of the order of 20 
mC L-'. The maximum energies for Na* (1.40 M.E.V.) and P* (1.72 M.E.V.) 
are comparable. It is safe to assume that so far as we know the radiation of P* 
in our solutions was not a factor, unless the present experiments should furnish 
valid evidence of such an effect. 

Procedure. Three methods of exposing the material to the phosphate-sea 
water solutions were used: a) ‘‘common dish method.’’ All the eggs or larvae 
were put into a 600 ml beaker in roughly 100 ml of solution, kept suspended by 
occasional swirling, and samples of 5 ml each were withdrawn at intervals. In all 
except the last (Exp. 13) these samples were centrifuged 20 seconds in Hopkins 
tubes, the solutions replaced by isotonic erythritol, centrifuged 30 seconds and 
the erythritol decanted. From the sediment 0.02 ml was transferred to a de- 
pression slide for measurement. The finding that much of the phosphate was 
removed in the erythritol solution led to a method used for one experiment (Exp. 
13), in which the eggs were centrifuged once as above; centrifuged again and the 
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last of the supernatant fluid above the eggs removed, and the eggs themselves 
removed until 0.02 ml was left. These eggs were cytolyzed in distilled water 
and transferred to a depression slide. b) ‘‘Continuous method.”’ Not satisfied 
with the above procedure, we attempted a procedure in which equal portions 
of an egg or larvae suspension were put into coarse Buchner funnels (Pyrex 3G3) 
and the phosphate-sea water was slowly passed through this material, removed 
quickly by suction and followed by isotonic sucrose sucked through in a few 
seconds. The whole sample im situ was compared with a filter alone treated 
identically. This was not quite satisfying and a new procedure was devised. c) 
“Separate dish method.”’ Identical samples (5 ml) of a suspension of eggs were 
mixed in a syracuse watch glass with 5 ml of a phosphate-sea water solution, thus 
avoiding the disturbances set up in the common dish method. The separate 
samples were collected at intervals, and to do this they were centrifuged and 
cleared of excess solution and otherwise treated as in Exp. 13 cited above. 

In all cases the first decantate was saved, samples of 0.02 ml of this taken, and 
pH observed in the remainder, and attention was paid to a cloudiness which in 
the earlier experiments appeared to consist of fragmented eggs and possibly some 
egg jelly. Nosignificance was found for the appearance or non-appearance of this 
cloudiness, nor of the pH which varied from 7.6 to 8.0. The activities of samples 
of 0.02 ml each were measured. 

The sediments which in the first and third methods consisted of 0.03 ml and 
0.07 to 0.10 ml, respectively, were collected with uniform centrifugation and 
found to contain 65 per cent eggs and the remainder of a fluid identical with the 
decantate. The activity of this fluid must be deducted from the observed ac- 
tivity, leaving an activity due to phosphate in the eggs or larvae themselves. The 
volumes of eggs in the samples were obtained by adjustment, or only noted and 
appropriate corrections were made in the calculations. 

Measurements. Measurements of the phosphate content were made by a 
Geiger-Miiller counter with a scale of eight. A definite number of impacts, 
usually 200, was counted, and the elapsed time noted. Comparison between the 
samples of eggs, supernatant, and the original phosphate-sea water solution, 
whose concentration was known, made it possible to translate the values from 
activities to concentrations. Otherwise this procedure is identical with that 
previously described (Brooks, 1939). 

Errors in measurement. Variations in background radiation or in variations 
within the counter operate to change the reading. An idea of the possible magni- 
tude of the error due to these factors can be got from seven counts of a single 
sample of phosphate-sea water over a period of one hour. The range of variation 
was 10.9 per cent of the mean. In one experiment a series of eight readings on 
separate samples of different fluids were repeated four hours later. The devia- 
tions here from the mean of each pair were between 0.5 and 5.5 per cent, or 0.0004 
and 0.0085 mM. This confirms the above. 

In addition to the counter error discussed above, there is an error in the taking 
of small samples. The collection of the 0.02 ml samples, used for solutions, was 
done in a hemocytometer pipette. Operating on seven samples of a single solution 
of phosphate-sea water an error of 19 per cent was found. 

The egg samples were adjusted to graduations in Hopkins tubes, whose bottom 
cylindrical portion was graduated to 0.01 ml, an error not less than the first cited, 
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but probably of the same order of magnitude. It is felt that observed readings 
may well vary up to 20 per cent, and even that single readings, not supported by 
the adjoining samples in the succession of samples, should be not seriously re- 
garded. The levels indicated by a series of successive samples has significance. 


EXPERIMENTAL DATA: ARBACIA 


Eggs and young larvae. Figure 1 shows the total concentration of phosphate in 
successive samples of a lot of Arbacia eggs inseminated 25 minutes before the 
start of exposure to the phosphate. This experiment was done by the common- 
dish method. The early low values seem to show that no phosphate has been 
taken in until the time of the first cleavage, which at the temperature of 20.2° C. 
took place at about 50 minutes on the figure. The fact that much of the phos- 
phate had been washed out into the erythritol solution used in washing more or 
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FiGurE 1. Concentrations of radioactive phosphate in samples of Arbacia eggs (ordinates) 
during the first 100 minutes of immersion in sea water plus 0.81 mM phosphate (abscissas). The 
eggs were freshly inseminated at the beginning and showed cleavage at about 50 minutes. The 
sloping line is the basis for the calculation of the intake constant, K. Common-dish method; 
washed with an isotonic erythritol solution. Temperature 20.2° C. 


less invalidates this conclusion. Cleavage can be thought of as causing an in- 
crease in permeability to the ion, or may be thought of only as interference with 
the washing out of the ion. In the first case we may calculate the intake after 
cleavage to be 0.71 X 107-'®° moles cm=?hr-'. All values of the intake constant K 
are assembled in Table I. It was noted that there was no injurious effect exerted 
by the phosphate insofar as is shown by the comparative development of treated 
and untreated control eggs. 

Figure 2 represents a similar experiment except that no washing was done, 
and that the eggs were inseminated only one hour before the end of the experi- 
ment. At the temperature of 19.1° the first cleavage should not have occurred 
during the experiment. No observation was made on this point. At the time 
of insemination, after one hour exposure to 0.81 mM phosphate, tests showed 
94 per cent success. No great change in the general slope of the curve has been 
noted at the time of fertilization or elsewhere. Calculated as above we find the 
permeability of the egg prior to cleavage to have various possible values, depend- 
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ing on the degree of confidence in individual points, or the stage of the eggs. 
Various possibilities are shown in Figure 2 as K,, Ko, etc., the intake constants. 
The value of K,; (calculated as above) is 70 X 10-!° moles cm~ hr-!, a value much 
greater than that found in the previous figure and experiment. Kg, is about the 
same. Both intake rates must be attributed to the early intake as distinguished 
from late intake. There is usually an early maximum, sometimes two, sepa- 
rated by a phase of loss of this ion, from a late ion intake always slower than the 
first. A similar phenomenon has been noted for Nitella and the alkali metal 
cations (Brooks, 1939), and Spirogyra, Urechis eggs, and amebas (Brooks, 1940). 
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FiGuRE 2. Concentrations of radioactive phosphate in samples of unfertilized Arbacia eggs 
(ordinates) during the first two hours of immersion in sea water plus 0.81 mM phosphate (abscissas). 
Four possible bases for intake constants are given. Common-dish method; no washing. Tem- 
perature 19.1°. 


Apparently the washing with erythritol obscures the normal ion intake, and conse- 
quently the intake constant taken from Figure 1 is fallacious. The true late 
intake constants for this experiment must be about Ks; = 3.3 & 10-'° and Ky, 
= 1.8 X 10-'° for unfertilized and fertilized eggs. 

Experiments done by other methods show the course of intake much better. 
Thus the results of the two experiments done by the separate-dish method are 
shown in Figure 3. Both experiments show the existence of an early maximum, 
a loss phase and a late maximum. Experiment S1 gives K,; = 100 X 10-'° and 
K, = 10 X 10-'° moles cm~? hr~', while Experiment S2 gives K;? = 33 X 107° 
and K,? = 14.0. The caption of Figure 3 explains the sub- and superscripts. 
It is apparent that these constants are not far from those found from Figure 2, in 
which an experiment was done with a different method (the common-dish method) 
but not utilizing erythritol solution washing. Washing disturbs the ion intake. 
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The slightly greater K values in Figure 3 may be connected with the lower con- 
centration and radioactivity of the immersion fluid. (See Table I.) 
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FiGurE 3. Concentrations of radioactive phosphate in samples of unfertilized Arbacia eggs 
(ordinates) during the first 90 or 125 minutes immersion in sea water plus 0.262 mM phosphate 
(abscissas) in two experiments. Tangents at four points indicated give the bases for the cor- 
responding intake constants, namely, the early and late (subscripts 1 and 2) for Experiment Si 
(superscript 1), and similarly for Exp. S2. Separate-dish method; no washing. Temperature 22°. 
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FiGuRE 4. Concentrations of radioactive phosphate in samples of developing Arbacia larvae 
(ordinates) during the first 48 hours immersion in sea water plus 0.70 mM phosphate (abscissas). 
The stages attained are noted in this figure. A tangent at the indicated point gives the basis for 
the intake constant, K. Common-dish method; washed with an isotonic erythritol solution. 
Temperature 20°. 


Egg to early pluteus. One experiment extended over a long period, 24 hours, in 
which the fertilized eggs reached the early pluteus stage. The eggs were in- 
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seminated at the beginning of the experiment, and the larvae survived in the 
solution more than 24 hours, but were dead within 48 hours. The stages attained 
are noted in the figure (Figure 4). This experiment was done by the common- 
dish method with washing, and apparently the early intake is obscured. But the 
late intake appears and can be measured. 

The phosphate content of these larvae enormously exceeded that in the sur- 
rounding fluid. Soon after cleavage had started the intake accelerated, and 


TABLE I 


Intake and permeability constants of Arbacia and Asterias eggs and larvae for the HPO,™ ion. The 
subscripts of K refer to the order in which these values occur during exposure. The superscripts 
refer to experiment number 












































1 2 3 4 5 6 7 
Concentra- | Radio- 

Experiment Figure number Stage tion of ex- | activity of | Intake Permeability 

number + constant Senge perimental | experimen- | constant | constant 
fluid tal fluid | 
mM | mC/L | Kx10% | Px108 
Arbacia 12 (1) Ky 2-cell 0.81 | 0.160 | 0.71 | 0.88 
Arbacia 13 (2) Ki) 70.0 | 96.0 
K; > 1-cell 0.81 0.160 | Sa 4.1 
K‘ 1.8 | 2.2 
Arbacia S1 (3) Ky!) 100.0 | 36.0 
Ko! | cae 0.262 0.096 10.0 | 3.7 
ear : en ; unfertilized 
Arbacia $2 Kz; | “8 33.0 13.0 
Kz) | | o>] 
Arbacia 11 (4) Ky blastulae 0.70 | 0.240 | aa) } 5.3 
Arbacia C2 (5) K? 2-cell 0.195 | 0.045 83.0 | 426.0 
Arbacia C1 (5) Ks! | gastrulae 0.195 | 0.09 | 150 | 77.0 
Arbacia C5 (5) K.5 plutei 0.350 0.055 13.3: | 38.0 
sia Sas = ; Noe sass chaaheecas 
| | 

Asterias 3 (6) K3 unfert.eggs | 0.175 | 0.246 | 6.5 28.0 
Asterias 2 (6) K? unfert. eggs | 0.175 0.260 | 400.0 | 2280.0 


phosphate apparently passed into the larvae at a uniform rate up until the forma- 
tion of plutei. In the next 12 hours the larvae died in this experiment. The ac- 
celerated intake may be referred to the increase in surface area of the protoplasm 
of the larva, and modified by the deep position of certain masses of cells. Differ- 
ent tissues of a larva may have different permeabilities. 

The intake constant can be stated for comparative purposes, by using the 
approximate surface area of the egg, and calculation gives us a value of 10.8 
X< 10-'© moles cm~* hr~'._ This is not greatly unlike the values obtained in the 
previously cited experiments. Asa matter of fact, the superficial area of develop- 
ing larva up to the beginning of the pluteus stage should not exceed 2 or 3 times 
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as great as that of the egg. If we modify the figure given above by using the 
factor of 3, we obtain a K about 3.7 K 10~'® moles cm~ hr~, a figure which 
comports well with K; of Figure 2, which was 3.3 & 107-'*. 

But the experiments by the continuous method give higher permeabilities: 
Figure 5 shows the intake of phosphate on a reduced scale of the ordinates. All 
three of the valid experiments show the initial peak and loss spoken of above 
(p. 217), but the slope of initial rise does not show intake constants higher than 
the later values given here. The experiment with fertilized eggs in the 2-cell 
stage gives a very high permeability taken from the rising phases of the curves: 
assuming that two blastomeres have 2 X the surface of the egg we deduce intake 
constant K,? = 83 X 107°. 








30 40 


FiGuURE 5. Concentrations of radioactive phosphate in samples of fertilized eggs, (1), gas- 
trulae (2) and plutei (3) of Arbacia (ordinates) during the first 35 or 60 minutes of immersion in 
sea water plus 0.195 (1 and 2) or 0.350 (3) mM phosphate. Continuous method; washed with an 
isotonic sucrose solution. Temperatures about 22°. 


Gastrulae and plutei. The curve for gastrulae (Figure 5), taken about the 
middle of this phase, gives an intake of about 15 X 10~'® using a factor of 3 for 
the probable superficial area of the gastrulae. This experiment is not very 
satisfactory. The plutei, allowing them a superficial area of 4X that of the egg, 
gives an intake of 13.3 K 10~-'® given by the slope of the curve at K,.° (Table I). 

Comparative permeability to the sodium cation and the phosphate anion. Two 
experiments were done to compare the permeability to sodium and phosphate ions. 
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Both were done before the realization that erythritol solution washing was remov- 
ing the ions to a great extent. The closest approximation made on the basis of 
the rate of intake of these ions in the first 2 or 4 minutes, corresponding to the 
first peak, has been made on Experiment 5, not here otherwise shown. The rates 
of intake were sodium: 24.5 XK 10-*; phosphate: 0.29 K 10-* moles cm~ hr-. 
Compensating for the different concentrations used we obtain permeability con- 
stants for sodium: 9.8 &K 10~-*; phosphate: 0.51 XK 10-* moles cm~ hr-' (GM 
L-')-". It appears possible that the sodium cation penetrates about 17 times as 
easily as the phosphate dianion. 

Too many considerations enter into this picture to allow drawing conclusive 
values. For example, the mobility of phosphate calculated from conductivity, 
diffusion, etc. is between those of K+ and Nat, e.g. the equivalent conductivity of 
4 HPO; is 57 while K+ and Nat show 65.0 and 43.4. This would be expected 
from the dimensions (Figure 6) of hydrated K* (1H2), Nat (7 H,O) and HPO, 





FIGURE 6. The van der Waals volumes of sodium (Na*), potassium (K*), and phosphate 
(HPO,~) ions, drawn to scale, with the mean number of water molecules attached to them in 
moderately concentrated aqueous solution. An ion approaching a plasma membrane would carry 
this hydration. Removal of this water (which may be necessary for passage) requires expenditure 
of work. 


(unhydrated); whereas the deduction from Figure 5 would require hydration of 
HPO, presumably about 3 H.O to account for the lower penetrability of this ion. 
This envisages a plasma membrane structure which will act as an ultrafilter whose 
available (existent or potential) free spaces are about 7-9 A in diameter. This 
corresponds generally with the results with chiefly water soluble substances, but 
different cells or tissues seem to vary considerably in permeability with pore size 
and the importance of the ultra-filter action of their plasma membranes. _ Possi- 
bly in passing through the plasma membrane the unhydrated ion is slowed by its 
divalent character, leaving only the univalent H,PO,-, present in a relatively 
small proportion, to pass through the plasma membrane. Obviously much work 
is still needed here. 


EXPERIMENTAL DaTA: ASTERIAS EGGS 


The intake of phosphate by the eggs of Asterias forbesi in two experiments is 
shown in Figure 7. In this figure as in Figures 1 to 4a deduction was made during 
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calculation to account for intercellular phosphate in the samples. Since these 
tares differ in the two experiments they are shown separately in Figure 7. 

The intake curves in both experiments, like those shown in Figures 2, 3, and 5, 
show an initial peak ion content, followed by a loss. After this the eggs absorb 
phosphate at a steady, but relatively slow rate. Two intake constants have been 
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FiGuRE 7. Contents of radioactive phosphate in samples of unfertilized eggs of Asterias 
(ordinates) during 5 (Exp. 2) or 18 (Exp. 3) hours of immersion in sea water plus 0.175 mM 
phosphate (abscissas). Tangents at points shown by K? and K,’ give the bases for intake con- 
stants for early intake in Experiment 2 and late intake in Experiment 3. Common-dish method; 
washed with an isotonic erythritol solution. Temperatures about 15°. 


calculated to represent the typical condition; they have been calculated from the 
slopes shown by K,* = 0.26 XK 10~-'*, and K,? = 400 X 10~-'® moles cm~ hr. 
K, is the initial, K, the later permeability, and the superscripts 2 and 3 refer to 
the two experiments. The remaining intake rates are not clearly indicated but 
inspection shows that they will have about the same magnitudes, respectively. 


DISCUSSION 


Injury. In all the experiments dealing with unfertilized eggs, tests were made 
of the fertility of these eggs. In all cases a success of 94 per cent or better in all 
stages of Arbacia; imperfect ripening of Asterias eggs led to lower degrees of suc- 
cess, but in no case was there any evidence of lowering by phosphate of the fer- 
tility. About 50 per cent of the Asterias eggs formed fertilization membranes 
after insemination. 

Effect of the method used. Among other factors, some of which will be men- 
tioned below, it appears that washing with erythritol as done in the common-dish 
method, was largely responsible for the apparent low permeability of the cleaving 
eggs of Figure 1. We forbear from comparing this with the remaining experiments 
cited here. 

Effect of B-radiation. The assemblage of constants in Table I, columns 6 and 
7, suggests the possibility that these eggs are so sensitive to 6-radiation that the 
solutions with the higher activities yield the lowest permeabilities. Column 7 
gives the permeability constants assuming that the only driving force is the con- 
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centration gradient across the plasma membrane. They are presumably more 
representative of the properties of the plasma membrane than are the intake con- 
stants (column 6). 

Effect of phosphate concentration. Columns 4 and 7 of Table I illustrate the 
role of the concentration. Comparison of K; or K, of Figure 2 whose concentra- 
tion is 0.81 mM L~ with K,? of Figure 5 whose concentration is 0.195 might be 
thought to indicate an effect of phosphate concentration on permeability. The 
continuous method deals with masses lying in streaming solutions, and the dif- 
ference in permeability may be due only to diffusion factors. But here we are 
dealing with quite different methods, and are unsure of the cause for the difference. 
A similar effect is shown, however, between K, or K; of Figure 2 and K; or K, of 
Figure 3. But here again we find ourselves with rather different methods. 

The results are so unclear that we may only suspect such a relation. Repeti- 
tion of this work on an extensive scale ought to establish or negate the reality of 
this effect. 

Permeability in different stages. Some of the evidence which can be found in 
Table I favors the idea that the gastrulae and plutei are less permeable than 
blastulae and less developed stages including the unfertilized egg (Figure 5). 
Blastulae appear to have about the same permeability as uncleaved eggs (Figures 
2 and 4). These conclusions are far from being final. 

Initial peak and losses. In Figures 5 and 6 and suggested in Figure 2 there 
appear an initial rapid uptake of phosphate, followed within a few minutes by a 
loss of this ion. This loss may proceed to levels suggesting nearly complete re- 
moval of this ion. This is so like the curve shown in previous publications for 
Nitella (Brooks, 1939, 1940) and Spirogyra and Urechis eggs and ameba (Brooks, 
1940) to Nat, K*, and Rb* as to lead us to accept this as a reality. In these 
publications I have suggested that the initial rise is due to an inorganic ion 
exchange (Steward’s ‘‘induced absorption”’); no explanation has been offered for 
the loss of such an ion. 

The rate of such an inorganic ion exchange will be affected by (a) penetrability 
of the radioactive ion, and its activity gradient across the plasma membrane; 
(b) similar properties of all available free intracellular ions available for exchange; 
(c) similar properties of competing ions and (d) the properties, number, and dis- 
tribution of ion binding groups. If we could ascertain all of these it should be 
possible to account for the different rates of entrance of ions. In the case of the 
phosphate, both H.P*O,- and HP*O,~ being present, the presence of competing 
ions and the possibility of prompt combination of phosphate in metabolism make 
this problem still insoluble. 

An explanation of the loss of ions during the so-called ‘‘loss phases’’ will be 
offered in a following paper. 

Later absorption of phosphate. A frequently raised question is: how much of 
this ion can be combined with the surface of the egg? Toward answering this 
question, it is possible to calculate the number of moles of HPO. combined with 
the proteins and fats of the plasma membranes. Let us allow that one Svedberg 
unit of a protein, whose diameter is 30 A, can combine with 30 equivalents of an 
anion. A value of 10 to 15 equivalents would probably be more applicable at the 
pH of the protoplasm or of sea water, and for all anions with all of which the 
phosphate must compete. The plasma membrane, according to Parpart and 
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Dziemian (1940), should also contain lipids to about 24 the weight of proteins, 
while Schmitt and Palmer (1940) show that the plasma membrane contains 
enough protein to form a layer 60 A thick. These data were found for the ery- 
throcyte. These figures are rough approximations, and the actual amounts in 
Arbacia eggs may differ somewhat. We use the surface 1.63 & 10~* cm?, and 
volume, 1.174 X 10~-® cm’, as calculated from the observed diameters of these 
eggs. The plasma membrane is assumed to be 200 A thick. We neglect the 
combining power of the lipids, which is about 1% that of proteins, so as to offset 
the large allowance made above for the anion combining power of proteins. A 
liter of eggs could combine in their plasma membranes with about 0.1 mM of HPO,-. 

Table II shows how much phosphate got into the eggs. Only 6 out of 9 of 
these values exceed the calculated amounts (0.1 mM L-) which could be con- 


TABLE II 


The highest recorded contents of HPO," in eggs of Arbacia and Asterias during immersion in 
solutions of radioactive sodium phosphate in sea water (pH 7.8-8.0) 


HPO«w Maximum Time for 

Experiment Figure content of | recorded attaining 
number number external HPO. | this 

fluid content maximum 


mM mM hours 

0.81 0.039 

0.81 0.050 

0.262 0.047 

0.7 8.3 

0.195 4.35 

0.195 0.92 

0.35 1.90 

0.175 0.35 

0.175 0.48 


Arbacia punctulata 
Arbacia punctulata 
Arbacia punctulata 
Arbacia punctulata 
Arbacia punctulata 
Arbacia punctulata 
Arbacia punctulata 
Asterias forbesi 

Asterias forbesi 


CoOMU aS ene 


ceived of as combined with the plasma membrane. Nevertheless it seems im- 
probable that this phosphate is strictly confined to the plasma membrane. So 
many considerations enter into the picture, all greatly reducing the theoretical 
figure, that it seems to be more reasonable to think of the phosphate as combining 
less with the plasma membrane but passing through into the cortex or interior 
cytoplasm. The whole egg has an ample calculated combining power to take 
care of much more phosphate than has entered in any of these experiments. 

It is interesting that the experiments which show the highest phosphate tend 
to show most clearly the separation between the initial peak in phosphate content 
followed by loss of this ion. It is as though the ion had passed into the egg, and 
was released by a change within the egg. 

But it seems probable that the phosphate is combined by metabolic processes, 
notably the formation of substances like hexose phosphates, base phosphates, the 
formation of phospholipins, and the formation of skeletal elements. This process 
reduces the free phosphate content of the egg, and hence favors entrance of the ion. 

It will be noticed that in six of the experiments of Table II the content of 
phosphate notably exceeds that in the bathing solution. This condition can be 
attained by the operation of metabolic processes, as mentioned above, or by an 
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organic-inorganic ion exchange, as postulated in other cases (Brooks, 1939, 1940). 
We feel that all three aspects of accumulation are probably operative, i.e. inor- 
ganic- and organic-inorganic ion exchange, and combination of the entering and 
reacting ion. 


SUMMARY 


(1) Eggs and larvae of Arbacia punctulaia and Asterias forbesi were immersed 
in sea water containing low concentrations of radioactive sodium phosphate 
(0.175—0.81 mM) and the phosphate content in subsequently collected samples 
after intervals up to 48 hours was determined by measuring the 8-radiation from 
the samples. 

It was found that: 

a) Phosphate was taken in often in at least two distinct periods, the first 
within the first half hour, followed by a loss of the ion, and secondly in the later 
stages. 

b) The permeabilities during early absorption are generally greater than those 
during late absorption. 

c) If it be assumed that the only driving force is the concentration gradient 
across the plasma membrane (a very imperfect assumption), the early permeabili- 
ties vary from 5,3 to 96 K 10-* moles cm hr-' (GM L~-')- for Arbacia and 
2280 X 10-* for Asterias. The late permeabilities of both range from 2.2 to 
426 X 10-*. 

d) The maximum concentrations found in eggs or larvae of both vary from 
0.050 to 8.3 mM for Arbacia, and 0.35 to 0.48 mM for Asterias. 


(2) Inverse correlations are intimated between external concentration or radio- 
activity and permeability. The effects of radiation are discussed. 

(3) The part played by the stage of the egg or larva, the effect of the methods 
used, the dimensions of ions, and theories of absorption are discussed. 
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INTAKE AND LOSS OF IONS BY LIVING CELLS. II. EARLY 
CHANGES OF PHOSPHATE CONTENT OF FUNDULUS EGGS! 
S. C. BROOKS 


(From the Marine Biological Laboratory, Woods Hole, and Department of Zoology, 
University of California, Berkeley) 


Immersion of eggs of Fundulus spp. and other marine eggs in sea water con- 
taining a radioactive ion such as the phosphate or alkali metal ions reveals rapid 
intake, followed after a few minutes by outward migration of the marked ion and 
subsequent increases and decreases in content of this ion. In the summers of 
1940 and 1941, during the course of work on the intake of the radioactive phos- 
phate ion,’ the experimental procedure was varied to obviate as far as possible 
the effects of handling, and special tests were made to evaluate sources of error. 
This paper concerns primarily the eggs of Fundulus heteroclitus (L.); experiments 
were also done on eggs of F. majalis (Walbaum). An earlier paper treats of 
similar investigations on the eggs of Arbacia and Asterias (Brooks, 1943). 


METHOD 


Eggs were obtained by stripping the fish. The ripe eggs of F. heteroclitus 
consist of a membranous coat, the chorion, whose mean outside diameter was 1.80 
mm.; outside it is a layer of fibers which serve to moor the eggs to each other and 
other objects; the thickness of this membrane was of the order of 0.05 mm. _In- 
side this lies the perivitelline fluid and the egg itself, whose mean diameter was 
1.69 mm.; the egg nearly fills the chorion. Unless specially mentioned, these 
experiments deal only with unfertilized eggs. 

Some of the unfertilized eggs were obtained in the unripe condition, and 
ripened gradually in sea water. The unripe eggs contain closely packed spheres 
of a material of refractive index higher than the rest of the egg. On ripening this 
material disappears either by changes in refractive index or by solution from the 
surfaces of these spheres or in both ways. Unripe eggs placed in distilled water 
become white and opaque in 5 to 10 seconds, while ripe eggs remain clear. This 
may be due to changes in permeability of the chorion to ions, which rapidly leave 
the unripe eggs, allowing precipitation of globulins or similar material inside the 
eggs, as suggested by Gray for trout eggs (Gray, 1932). Only in the last few of 
our experiments were the unripe eggs eliminated. However, there is no good 
evidence that the results were perceptibly affected by the presence of unripe eggs. 

The eggs of F. majalis were slightly larger than those of F. heteroclitus, but 

1 This work has been supported by grants from the Research Committee of the University of 
California and greatly helped by facilities provided by the Marine Biological Laboratory of Woods 
Hole. Both of these are gratefully acknowledged. In this work the writer was assisted by Dr. 
L. J. Mullins and Mr. Aser Rothstein. 

2 In this paper the term “ phosphate ion’’ denotes both HzPO,- and HPO,*, both of which 
were present at the pH values used. 
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apparently otherwise did not differ. Experiments done with F. majalis are not 
different from those of F. heteroclitus. Only the latter are cited in this paper. 

The freshly obtained eggs were at first used within about 15 minutes, but a few 
of the later experiments were started one to 1% hours later to allow for ripening 
and the elimination of unripe eggs. Their viability was established by fertiliza- 
tion and subsequent observation. It is felt that lots of eggs giving 80 per cent 
or more of development are satisfactory in this work. All experiments cited gave 
at least this degree of fertility. 

Reagents. Woods Hole sea water and water distilled at the Marine Biological 
Station were used. A sodium phosphate solution, 0.105 M and isotonic with 
human blood, was generously furnished by the Radiation Laboratory of the 
University of California. To make this, phosphorus element had been bombarded 
with neutrons, oxidized to phosphoric acid and partially neutralized with NaOH 
toa pH of 7.35. This isotope is described in the previous paper (Brooks, 1943). 

Solutions. Eggs were immersed in solutions of sodium phosphate (containing 
both H.P*O,- and HP*O,=) in sea water. The concentrations used were made 
up to give approximately the same radioactivities. This was dictated by the 
sensitivity of the measuring device and the amount of egg material practicable for 
a single test. The limits of concentrations were 0.143 and 0.42 mM. These are 
well below the saturation concentration of this salt in sea water. The activities 
used varied between 0.17 and 0.26 mC L™. The radioactive phosphate was 
measured against the y radiation of radium in equilibrium with its products. 

Experimental procedures. Three general plans were used: a) The ‘‘common- 
dish’’ method in which about 50 to 100 eggs were drained and covered with 40 
to 100 ml. of phosphate sea water. For each sample three eggs were withdrawn, 
washed in distilled water, blotted with filter paper and set aside to dry on depres- 
sion slides. Such samples were collected at different intervals from one or 2 
minutes up to 60 minutes and in some cases up to 24 hours. b) Hoping to ob- 
viate the mechanical disturbance involved in removing, often after tearing loose 
the eggs removed for successive samples, each sample was put into syracuse watch 
glasses. This is called here the ‘‘separate dish method.’”’ Three eggs were put 
into each dish in 5 ml. of sea water; to start the experimental exposure 5 ml. of 
sea water containing radioactive phosphate ions were added. Each of two workers 
handled one ‘‘series”’ of samples, and collected them according to an accurately 
timed schedule. The three eggs were transferred by a medicine dropper with 
minimum fluid into 100 ml. of distilled water which was then swirled. Then the 
eggs were removed to depression slides, and the excess fluid was removed by a 
capillary pipette. This whole process took 12 to 18 seconds. Two “‘series” of 
samples were thus obtained. This method yielded the most satisfying results. 
However, it was suspected that it still involved enough mechanical disturbance to 
create changes in permeability, and a method (c) was devised in which lots of 
three eggs each were placed in short capillaries placed in siphon tubes. This will 
be referred to as the ‘‘continuous method,” but will not be described in detail 
because with this no significant changes in the results were detected. 

Determinations of the phosphate content were made by a Geiger-Miiller 
counter with a scale of eight, as described in the previous paper (Brooks, 1943). 
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ERRORS 


Errors in counts have been shown to be usually within limits of +20 per cent 
(Brooks, 1943). Differences in size of the eggs were found to lie within 14 per cent 
of the mean size. About 50 eggs were measured. Since three eggs were used 
for each sample, the error should not exceed about 5 per cent, but errors up to 
14 per cent are possible. The combined error might reach 25 to 30 per cent. 

Errors due to the effects of pH changes: It has been found in experiments on 
Fundulus embryos * that increases in pH to levels exceeding that of normal sea 
water may greatly affect the phosphate intake by the embryos. These changes 
in pH were produced by the addition of reagents not used in the experiments 
under discussion here. But it was found that the sodium phosphate, which 
as furnished has a pH of about 7.4, acidifies the solution to about 7.75, and by the 
action of decreased pH might directly or indirectly affect the result. In the case 
of enhanced pH, the results may be due to the precipitation of calcium or mag- 
nesium phosphates, which in turn produced solutions unbalanced toward univalent 
cations and hence toward the observed increased permeation of ions. This may 
also be due to disturbance in equilibria in solution, or to diminished H-ion. When 
the pH is diminished we may suspect that permeation is decreased somewhat 
below normal. We have no evidence that changes in pH during the progress of 
an experiment are responsible for significant changes in permeability, at least in 
Fundulus eggs. Such changes in pH seem to have been very small, of the order 
of 0.1 pH units, and within the error of determination as done. 


DATA 


Experiments on eggs. Figure 1 shows the progressive changes in one experi- 
ment in the phosphate content of whole eggs, calculated as though uniform 
through the whole egg. Two curves are shown each corresponding to one of two 
lots of eggs, and handled by one of two operators using the separate dish method. 
All lots were taken from a single pooled batch of eggs. The phosphate content 
of these samples rises during 15 minutes to a crest at about 0.20 mM L~, then drops 
to lower levels around 0.05 to 0.12 mM L~' after 20 to 26 minutes, and thereafter 
tends to rise to higher levels. The curves connecting samples of single series rise 
generally but also show swings up and down, and the two series seem to reach 
these later crests and dips at different times. 

Mean values calculated for these duplicate samples still show the first peak, 
the first dip, and to a lesser extent the subsequent increase in phosphate content, 
but it seems as though the individual history of a single sample is obscured by 
combining them to obtain the means. Until-it is possible to measure the radio- 
active isotope concentration repeatedly in individual living eggs, not affected by 
mechanical handling nor desiccated (as is necessary to allow the full radiation to 
reach the counter cell), will it be possible to follow the uptake and loss of an ion 
by an individual egg. This method has been found possible in the case of Nitella 
(Brooks, 1939) but not so far for the larger fish eggs. 

Figure 2 shows the results of two quite independent experiments, each with 
two series as before. They also were done by the separate dish method. They 

3 These experiments related to the effects of inhibitors of oxygen consumption, and have not 
been published so far. 
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show the same phenomena as Figure 1: an initial peak followed by a dip in phos- 
phate concentration, followed irregularly by higher concentrations. The two 
series of each experiment tend to follow each other at first, and then to diverge. 


45 


TIME, MINUTES 


FiGuRE 1. Phosphate concentrations in duplicate samples of unfertilized Fundulus eggs 
(ordinates) during the first 60 minutes of immersion in sea water plus 0.42 mM phosphate 
(abscissas). Tangents to the curves were drawn at the points indicated, and formed the bases for 
Ki and Kz. Separate dish method. Temperature 17.2°. 


Even the time of the first peak may vary somewhat as to the time of its appear- 
ance, viz., in one of these experiments, at 7 to 10 minutes, and in the other at 
15 minutes. 
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Figure 3 shows an experiment done by the common dish method. Here two 
peaks occur at 2 and at 15 minutes, respectively. The swings are wider than in 








10 20 30 40 50 60 
TIME ,MINUTES 

Ficure 2. Phosphate concentrations in duplicate samples of each of two experiments on 
unfertilized Fundulus eggs (ordinates) during the first 60 minutes of immersion in sea water plus 
0.42 mM phosphate (abscissas). The slopes of the curves at the indicated points are the bases 
for K; and Ky. Separate dish method. Temperature 17.3°. 





TIME, MIN. 


FiGure 3. Phosphate concentrations in samples of unfertilized Fundulus eggs (ordinates) 
during the first 60 minutes of immersion in sea water plus 0.262 mM phosphate (abscissas). 
Three slopes indicated in this figure form the bases of K; and Kz and K;._ Common dish method. 
Temperature 18.5°. 


the previously cited experiments, and the peak phosphate concentration exceeds 
that of phosphate in the immersion fluid. The phosphate concentration in the 
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immersion fluid was lower in this experiment, 0.262 vs. 0.42 mM for the already 
cited experiments. The observed results in this experiment may be due to this 
lower concentration. 

Three experiments were done with the continuous flow method. The first 
such experiment showed a lower phosphate content but essentially the same as 
the previously cited ones (maximum 0.153 mM L~"); the second shows a little less 
intake (maximum 0.094 mM L~'); and the last gave a maximum phosphate con- 
tent of 0.140 mM L~. The period for recovery from mechanical disturbance 
(allowed the eggs in position in flowing sea water before applying phosphate sea 
water) was not important: the first two continuous experiments allowed about 
one half-hour; the last allowed over 3 hours. The first differs from the last two, 
so that there is no correlation between these differences and the length of the 
recovery period. No cause for this rather low ion intake is apparent. It may 
depend upon “‘ physiological’’ conditions associated with the lateness in spawning 
period, or possibly like those occurring in the advanced embryos. 

Experiments on 8 to 10-day embryos. These experiments were done exactly 
like those with unfertilized eggs using the separate dish method. The immersion 
fluid had a concentration of 0.40 mM, and activities of 0.215 and 0.195 mC L™"'. 
The rinsed and dried eggs gave low intakes: the first had a phosphate content of 
0.03 mM L~ after 4 minutes of immersion and rising gradually to 0.06 mM L7! 
after one hour (the end of the experiment) ; the second gave 0.035 and 0.06 mM L7 
after 4 and 15 minutes but gradually lost phosphate thereafter reaching 0.04 mM L~ 
after one hour. Both experiments were done in duplicate. The two samples at a 
given time gave agreement within 20 per cent (= +10%) in all but 5 of the total 


20 readings of the two experiments. The observed changes were greatly in excess 
of the differences usually found for a single point. 

The intake of phosphate in these two experiments failed to show any marked 
separation between early and later periods separated by loss of phosphate. 
The maximum contents are like those of the experiments by the continuous 
method cited above. 


DISCUSSION 


In all of the figures it can be seen that in the later stages the phosphate content 
is or sometimes decreases to less than the amount needed to fill the space outside 
the egg itself at a concentration equal to that of the immersion fluid. Similar 
phosphate contents at the beginning of the experiments can be thought of as 
being due to incomplete diffusion of phosphate into this space, but the later oc- 
currences seem to need special explanation. 

The most obvious explanation is that marked differences in permeability of 
the chorion itself might lead to exclusion of phosphate in some cases, and not in 
other cases. But the work of Sumwalt (1929, 1933) on the potential differences 
across this chorion shows that potential differences are set up across this mem- 
brane when the egg is placed in salt solutions. This potential difference is not 
affected by the change from a chloride to a sulfate, but is halved by the change 
from K to Ca; equimolecular solutions of halides and sulfates give the same po- 
tential difference, but alkali and alkaline earth chlorides yield potential differ- 
ences varying with the physico-chemically determined mobilities of the cation, 
and dilution of the bathing solution increases the observed plus potential. This 

. 
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has been interpreted as due to selective permeability to cations, the chorion being 
impermeable to anions. 

It may be suggested that anions are fixed by chemosorption within the 
chorion, and relatively few are allowed to pass through. The chorion with a 
volume of about 0.50 mm, conceived as consisting of about 10 per cent protein 
of whose amino acids 10 per cent combine with anions, could account for about 
2 X 10-7 equivalents of phosphate. Now, for example, the experiment given in 
Figure 1 shows that one egg contains newly acquired phosphate in 15 minutes to 
the extent of about 10~'® moles, or twice as many equivalents if we calculate on 
the phosphate diion. Figure 3 shows a larger content, but still less than 2 X 10-’. 
This means that all of the phosphate found in the egg can easily be kept within 
the chorion itself by chemosorption or combination. This comports well with 
the (Sumwalt’s) concept of the chorion being anion impermeable. If the protein 
of the chorion can combine to the estimated extent with anions the whole absorp- 
tion can be thought of as combination of phosphate with the chorion. The losses 
following the initial and later peaks in this case might be due to changes in the 
combining power of the chorion, a point which will be reserved for later discussion. 

It has been suggested that the radioactivity of the isotope may be responsible 
for this phenomenon. The §-activity of the extérnal phosphate solution, deter- 
mined by comparison with the 8-activity of uranium X, was between 0.18 (exp. 
14) and 0.29 mC L~ (exp. 1). Muir (1942) has found that radioactive phosphate 
increases the viscosity of Spirogyra protoplasm (defining viscosity as resistance of 
chromatophores against centrifugal displacement), and alters the phosphate con- 
tent when the activity of the immersion fluid was 4.0-17.0 mC L™, but has no 
apparent effect when its activity was 2.0 mC L~. This activity was calibrated 
with the same uranium X standard of about 0.25 uc, which was used in my work. 
Since this exceeds materially the activity of the most active solutions used in the 
present experiments, it seems that injury, due to §-radiation, of Fundulus eggs 
at this strength must be considered to be improbable until more definite experi- 
mental proof is available for the Fundulus egg. 

This question may also be investigated from the basis given for the toxicity 
of radioactive sodium for Nitella (Brooks, 1939). Here the sodium ion, of ac- 
tivity equal to or less than 1 mC L™, y-ray measured, is non-toxic. Since the 
ratio of B- to y-radiation of sodium is of the order of 20 we may calculate that the 
8-radiation of sodium of 20 mC L~'isharmless. This is only a first approximation, 
questions of absorption, energy of the 8-rays and so on complicate the picture. 
The maximum energies of the 8-radiations of P* and Na* are substantially alike, 
1.72 and 1.40 MEV., so that no great difference is to be expected on this count. 
From this point of view also, no toxic effect of 8-radiation in the present experi- 
ments it to be expected. 


EXOSMOSIS INTO SEA WATER OF ABSORBED PHOSPHATE 


Procedure. About 100 eggs, obtained in the usual way, were placed in a solu- 
tion of phosphate, 0.32 mM L~ in sea water, and lots of 10 eggs each were taken 
out at intervals up to 40 or 60 minutes. They were washed in 200 ml. of dis- 
tilled water for 5 to 10 seconds, transferred to depression slides, and freed from 
distilled water. Then 0.5 ml of sea water was added, and after three minutes the 
eggs were removed to another depression slide and freed of sea water as perfectly 
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as possible with a capillary pipette, this fluid returned to the first slide. It was 
found that some of the phosphate came out into the washing sea water. Washing 
preliminary to this at this stage was avoided, so that the sum of the readings for 
eggs and sea water would represent the total content of the eggs when they were 
put into the sea water. 

Readings were made on the lots of 10 eggs and on the corresponding sea water, 
0.5 ml. A sample of 0.02 ml of the original phosphate-sea water had an activity 
of 0.24 mC L-. 

Results. Figures 4 and 5 represent the results of the two experiments done. 
In each there are plotted the initial phosphate concentration, just before im- 
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FiGuRE 4. Rates of exosmosis from unfertilized Fundulus eggs during immersion for 3 
minutes in sea water when these eggs contained phosphate in concentrations obtained as the sum 
of eggs plus sea water, (@) the K values calculated from measurements on eggs (©) or on the sea 
water (X) (ordinates) after various times up to 40 minutes of immersion in sea water plus 0.32 mM 
phosphate (abscissas), together with values of K X mean egg phosphate concentration (+) all 
plotted as ordinates. 


mersion in the 0.5 ml of sea water (@); a diffusion constant, K, per minute, assum- 
ing exponential exosmosis (© and X); and the product of the two (+). The 
constant was calculated in two ways: from the decrease of phosphate in the eggs, 
and the increase of phosphate in the sea water. These agree within the errors of 
calculation. 

We note that the diffusion constant is low when the phosphate concentration 
initially in the eggs is high, and vice versa. Comparing the two experiments it is 
apparent that the K values differ greatly and inversely to the concentrations of 
phosphate in the eggs. Actual figures for means of all readings were K: 0.64 and 
0.21; concentrations: 0.09 and 0.26 mM;; ratios 3.0 and 1/2.9. The products of 
concentrations by the constants do not give uniform figures, but these are more 
so than either constants or concentrations in virtue of their inverse relation. 
Their mean values for all determinations were 0.037 and 0.027, with a ratio of 
1.37 in contrast to ratios of about 3 for concentrations and constants. 
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Discussion. These results may be interpreted as showing a) a high phosphate 
within a cell lowers the permeability of the cell, or b) exosmosis of phosphate is 
dominated principally by a constant rate of passage of this ion independent of 
the concentration gradient across the surface of the egg. This latter might mean 
that exosmosis depends on a metabolic process, or on saturation utilization of 
relatively few available attachment points within the chorion. The latter hypo- 
thesis is consonant with the conclusion that phosphate penetrates into and is held 
in the chorion only (p. 231). 

The process of exosmosis can also be thought of as an ionic exchange, a concept 
closely related to the latter of these suggestions. For this the presence of counter 
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FiGuRE 5. Rates of exosmosis from unfertilized Fundulus eggs during immersion for 3 minutes 
in sea water when these eggs contained phosphate in concentrations obtained as the sum of eggs 
plus sea water, (@) the K values calculated from measurements on eggs (O) or on the sea water 
(X) (ordinates) after various times up to 60 minutes of immersion in sea water plus 0.32 mM 
phosphate (abscissas), together with values of K X mean egg phosphate concentration (+) all 
plotted as ordinates. 


ions to replace phosphate, i.e. Cl- and SO,-, both within the chorion or the plasma 
membrane, and in the washing solution, here sea water, would be necessary. 
Data are lacking for definitive discussion; suggestions can be gotten from the 
work of Jenny (1936), Jenny and Overstreet (1939), Graf (1937), Hendricks 
(1941), and others. 

Among such suggestions we may mention the possibility that replacement of 
univalent chloride ion by the phosphate diion may lead to dehydration of either 
the chorion or the plasma membrane, by simultaneous attraction of two groups 
or molecules (lipins or proteins possibly) by the divalent ion. Schmitt and 
Palmer (1940) cite the effect of Ca++ in contrast with K+ in dehydrating cephalin 
suspensions. An effect of this type would seem to reduce the permeability of the 
plasma membrane. The surface layer or plasma membrane is here thought of as 
made up of hydrated proteins, lipins, etc. The chorion may resemble this ade- 
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quately for this argument. This argues in favor of the first of the interpretations 
here given just above. 


GENERAL DISCUSSION 


In this discussion it must be kept in mind that the phosphate may not pene- 
trate through the chorion of the Fundulus egg during the first minutes or hours. 
Longer immersion surely allows this ion to reach the embryo, as had been shown 
by photographic tests. These demonstrate the presence of the radioactive phos- 
phate in the skeleton of the Fundulus embryo.‘ We are not in a position to deny 
that the same ion passes through the chorion even during the first few minutes of 
immersion. For this reason we shall speak of the permeability of the egg, without 
attempting to trace the immediate destination of the phosphate ion. 

Like the echinoderm egg (Brooks, 1940, 1943) and other materials (Brooks, 
1940) which absorb cations, the Fundulus egg absorbs radioactive phosphate ions 
in two or more distinct periods. The intake and permeability constants are given 
in Table I, calculated from the slopes shown in Figures 1 to 3 at the indicated 


TABLE I 


The intake and permeability constants for phosphate into unfertilized eggs of Fundulus heteroclitus, 
together with the maximum concentration, assumed uniform, within the eggs 
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Experiment Figure Cine of activity of Intake Permeability concen- 
number number onstant experimental experimen- constant constant tration 
fluid | talfluid | reached 
mM | mC/L | KX105 | Px10? mM 
ese | « | mm | oot oe tT hue 6.2 0.126 
S7 | 1 | Ke 0.420 0.25 1.16 2.8 0.134 
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1 3 | K | 262 0.193 | 188 71.8 0.41 
ee K. | 0.262 | 0193 | 697 | 276 | — 
1 3 Ks; 0.262 0.193 1.11 | 4.4 1.69 








positions. The volume and surface of the ripe egg itself is used. Only minor 
changes in these constants would result from the use of those of unripe eggs or 
those of the chorion. 

Table I shows that the rate of intake of phosphate was of the order of 1-7 
X 10-5, a figure which can be compared with the values for Arbacia eggs of 2-100 
X 10-'° moles cm? hr~'; and the permeability constants for Fundulus eggs were 
0.03—1.69 X 10-? compared with 2.2-42.6 X 10-* moles cm~ hr~ (GM L7~)-". 
Asterias eggs show a permeability (Brooks, 1943) as high as 0.228 XK 10-*. The 
permeability constants here, as previously, are arbitrarily based on the assumption 
that the only driving force is the concentration gradient into the egg. It should 
be noted that dimensions of this constant reduce to cm hr-', which differs from 
those of the diffusion constants only by cm (the diffusion constants are expressible 


* Personal communication from Dr. L. J. Mullins. 
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ascm*hr~. It has been noted (Brooks, 1943) that if the thickness of the plasma 
membrane is known the permeability constant can be multiplied by this thickness, 
becoming expressible as cm? hr~'. Here however it is doubtful that a plasma 
membrane is the structure involved. 

The maximum concentrations found in the Fundulus eggs vary from about 
1/5 to about 6 times that of the immersion fluid (Table I). In the case of the 
echinoderms (Brooks, 1943) we find maxima varying from about 1/26 to 22 times 
that of the immersion fluid. In other words, the product of these extremes is 
about one in each case, that is, they vary about unity. The nature of the causes 
for such variations is still in doubt. 

The fact that the permeabilities for Fundulus eggs are so much greater than 
those for Arbacia and Asterias eggs suggests strongly that quite different mem- 
branes are responsible for these magnitudes. It seems probable that the values for 
Fundulus eggs are dominated by the chorion, while those for the echinoderm eggs 
are properties of their plasma membrane, or possibly of the surface layer or the 
whole cortex of the egg (Chambers, 1938). Just has emphasized the importance 
of the egg cortex (Just, 1939) but it is by no means certain that the egg’s per- 
meability is a property of the whole egg cortex. 

The fact that the chorion of a Fundulus egg has so ample a possible capacity to 
combine, or fix by chemosorption of anions that all the content could easily be 
bound, makes it seem possible that relatively little phosphate passes through this 
membrane during the first few hours of experimentation. If this conclusion is 
applicable to such univalent anions as chloride, this confirms the conclusion of 
Sumwalt (1929, 1933). 

The experiments then suggest strongly that they deal primarily with the 
capacity of the chorion to absorb and lose the phosphate ion and to delay its 
penetration into the egg by virtue of its capacity to bind this ion. 

The occurrence of an early peak in ion intake, closely followed by a loss, is 
more or less general, and, although it has not been found by many workers, still 
it seems to seek a rational explanation. Pantanelli (1918) has noted such pheno- 
mena when Valonia utriculosa, Saccharomyces sp., or Vicia Faba and other vascular 
plants (whole plants with their roots in the bathing solution) are allowed to take 
up ions from the bathing solutions. Analysis of these fluids showed early intake 
within an hour or less, followed by loss and later by further intake of ions. Nat 
K+, Mgt*, Ca**, Bat*, Zn*+*+, NO;-, SO,-, and HPO, show this in one or more 
cases. No radioactive ions were used, so that radioactivity cannot be blamed 
for this type of intake which has been widely observed. Recently Leibowitz 
and Kupermintz (1942) noted that Escherichia coli in a buffered glucose solution 
containing KCI would absorb K* strongly within the first 5 minutes, and then 
release it within an hour. The authors felt that this behavior was associated with 
the formation of a polysaccharide, but the brief communication did not allow 
convincing proof of this point. 

In this connection it is of interest to note that amides and urea decrease the 
viscosity of the ectoplasm (cortex) of Spirogyra sp. followed by return to about 
the initial value. This was followed by repeated wide variations in viscosity 
(Northen, 1940). Failure to maintain the normal position of the chloroplasts 
during centrifugation was considered to be evidence of decreased viscosity. This 
whole picture resembles that of the ion content of living cells during ion absorption. 
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This parallelism suggests that the ion content is intimately connected with the 
state of the proteins. Northen (1940) speaks of ‘‘ protein dissociation.’’ It may 
be that the release of fatty materials from the Arbacia egg by the action of NH; 
(Heilbrunn, 1937), the bringing out of the double diffraction by lipins in the 
Golgi apparatus of snail spermatocytes by the use of chrysoidin, an amino con- 
taining dye (Monné, 1939), the similarity of the action of the K and NH, ions 
and acetyl choline in breaking down the cell membranes at nerve synapses (see in 
this connection Mann, Tennenbaum, and Quastel, 1939) and the general toxicity 
of NH, salts all reflect physico-chemical changes in proteins, presumably globulins 
or possibly nucleoproteins. Such a change of state by a protein is shown when 
the rodlets of tobacco mosaic virus, revealed by the electron microscope technique, 
lose their ordered configuration when they are suspended in NaOH or NH,OH 
containing solutions (Stanley, 1935; Stanley and Anderson, 1941). The behavior 
of this nucleoprotein is due to the presence of NH,* or NHs, and Nat or possibly 
the OH~ ion. Inactivation, which is related to this type of conversion of tobacco 
mosaic virus, occurs also in urea solutions (Stanley and Lauffer, 1939), and in 
alkaline suspensions produced by addition of NaOH (Stanley, 1935). 

At least one of the alkali metal ions appears to be effective, and if all such ions 
have similar properties in this case, as experiment shows in similar cases, then the 
exposure of living cells to unbalanced solutions rich in such cations as Nat, K*, 
Rbt, Cst, NH,*, and probably the organic cations such as choline, guanidine, 
amines, urea, the basic amino acids, etc. would entrain a change in the protein 
molecules (‘‘conversion’’). This, by analogy with the observed effects on viruses, 
would probably decrease the capacity of these proteins to participate in the 
molecular structure of the plasma membranes. The loss of elongated molecules 
should deprive the plasma of essential, mechanically necessary components. 
This effect might be produced directly, or by releasing NH ; or NH,* which are 
continuously present in any synthesizing cell, and allowing them to affect the 
plasma membrane secondarily. Organic cations might well be an equally im- 
portant factor (Hendricks, 1941). The mutual replacement of ions has been 
studied carefully by soil students. Gieseking and Jenny (1936) found that the 
NH, ion is very easily replaced by such ions as Nat and K+. The alkaline earth 
ions are more resistant to replacement, and their function can well be pictured 
on this basis. For example, the presence of enhanced proportions of these ions 
should stabilize the plasma membrane, and delay or prevent the conversion of 
proteins such as we picture. 

This breakdown in the plasma membrane is envisioned as marking a change 
from a membrane permeable to ions by ionic exchange, that is, a membrane having 
pores of about 7-9 A diameter (Brooks, 1943), presumably left between protein 
molecules and preponderantly plus or minus charged, to a membrane which 
allows ion pairs to diffuse through it, i.e. with larger and little charged pores 
(‘mass movement”’ of Fenn, 1940). When a cell is placed in a solution contain- 
ing suitable cations or anions we find that the ions of this solution are soon seen 
in the protoplasm itself (e.g. Brooks, 1940), and tend to accumulate in excess of 
the concentrations in the bathing solution. Soon, however, another process 
supervenes and results in the movement of same ions (and perhaps others) out of 
the protoplasm into the bathing solution. The first can be accounted for by ionic 
exchange (by segregated cation exchange and anion exchange) utilizing as counter 
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ions such things as NH,* or organic cations, and any of the organic anions or Cl 
and phosphates, all of which are known to occur or are produced within living 
cells generally. The second process is the loss of these accumulated ions by 
allowing the free diffusion of salts to occur, involving the simultaneous movement 
of the oppositely charged ions. The observed repetition of these gain and loss 
phases strongly suggests that the fundamental changes in the proteins of the 
protoplasma membrane and of the cortex can be reversible, or that converted 
proteins are replaced by similar unconverted proteins from the deeper lying regions 
in the cell. Newly made proteins may also serve in this replacement. This 
hypothesis accounts qualitatively for the observed course of ion absorption where 
accumulation and loss of ions occur. The loss phases might well be absent in 
the cases where they were not observed either because of the absence of active 
intracellular cations, or because of a more stabile plasma membrane. 

This idea is also of importance in a case like the Fundulus egg. We have 
noted that unripe eggs have a chorion which may be easily permeable to ions. 
But on ripening the chorion should attain sufficient closeness of their fabric to 
allow some degree of ion accumulation. Like the plasma membrane it may during 
an experiment suffer a change in its proteins and allow loss of salts by mass move- 
ment. Such a similarity between the chorion and its parent substances is ade- 
quate to account for the similarity of the gain and losses of ions when Fundulus 
eggs are placed in suitable salt solutions. 


SUMMARY 


Unfertilized eggs of Fundulus heteroclitus were immersed in sea water con- 
taining low concentrations (0.193 to 0.25 mM) of radioactive sodium phosphate 
and the phosphate content in subsequently collected samples after the intervals 
from one-half minute to one hour was determined by measuring the 8-radiation 
from the samples. 

It was found that: 

(a) The phosphate ion was taken in during two or more periods, separated 
by periods during which the ion was lost. 

(b) During the first rise the permeability was high (6.2—71.8 K 10-? moles cm~ 
hr-' (Gm L~")-") while the later rises have lower permeabilities (2.0-4.4 & 107°). 

(c) The maximum concentrations found in these eggs varied from 0.080 to 
1.69 mM or about 1/5 to about 6 times that of the immersion fluid for the re- 
spective experiments. 

The great rates of penetration (permeabilities) found, considered with the 
relatively high combining power of the chorion has led to the tentative conclusion 
that during the first hour or so of such experiments very little phosphate pene- 
trates through the chorion to the egg cell itself. 

A tentative theory as to the nature of the processes leading to intake and often 
accumulation of an ion, its subsequent loss, and repetition of this cycle is proposed. 
It depends on the assumption that proteins suffer reversibly or irreversibly a 
‘‘conversion”’ during ion intake, and that this is due to the action of the ions 
concerned. 
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BILIARY AMYLASE IN THE DOMESTIC FOWL 


DONALD S. FARNER 
(Department of Zoology, University of Wisconsin, Madison) 


Although the question of the secretion of a biliary amylase by higher verte- 
brate animals is discussed extensively in earlier physiological literature it has 
attracted little attention in recent years. The general assumption among physi- 
ologists is that bile has no enzymatic function in the processes of digestion. 
Loehner (1929) presented a critical discussion of the earlier literature and recorded 
the results of his own investigations in which he was able to prove the presence of 
an amylase in the bile of cattle and sheep. Fossel (1931) demonstrated that this 
amylase was hepatic in origin and not due to contamination with amylase from 
the intestine. There is little information on biliary amylase in birds. Jacobson 
(1856) reported its presence in the domestic fowl, domestic duck, and domestic 
goose. Because of the methods used by him the probability of bacterial action 
as the cause of amylolysis is not precluded. Stresemann (1934) stated that amy- 
lase is found in the bile of the domestic goose. When preliminary investigations 
by the author gave positive results he decided to conduct further experiments 
which would give information concerning the relative amylolytic activity of the 
bile and the general occurrence of biliary amylase in the domestic fowl. 


MATERIALS AND METHODS 


White Leghorns, Rhode Island Reds, and Barred Plymouth Rocks from the 
stocks of the Department of Poultry Husbandry were used as experimental 
animals. 

Bile from the gall bladder was obtained by removal of the intact organ. The 
bile was then drained directly into sterile vials (toluol added) by means of a small 
incision in the wall of the bladder. 

Bile was also obtained from the hepatic duct which leads directly from the 
liver to the intestine. To secure this the bird was anesthetized with nembutal or 
ether and placed on its left side. An incision was made on the right side posterior 
to the last rib and parallel to the sternum at such a level that the duodenal loop 
could be reached. This loop was then drawn to the opening made by the incision, 
thus exposing the cystic, hepatic, and pancreatic ducts. Aglass cannula withan in- 
side diameter of about 0.7 mm. and a slight enlargement about 5 mm. from the end 
was inserted through a small incision in the duct and tied in place. The purpose of 
the slight enlargement near the end of the cannula was to prevent its slipping out 
of the duct after it had been tied in place. A gum rubber collecting chamber, 15 
cm. long and 1.5 cm. in diameter, containing a few drops of toluol was then at- 
tached to the free end of the cannula. Usually the collecting chamber was 
attached to the cannula before it was inserted into the duct. The chamber was 
carefully placed among the loops of the intestine and the incision sutured. After 
24 hours the bird was killed and the chamber removed. Seven successful opera- 
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tions yielded 4 to 10 ml. of bile each. The principal difficulty encountered and 
the reason for most of the failures was the clogging of the cannulae due to their 
necessarily small diameters. 

Pancreatic juice was obtained from the largest pancreatic duct by means of a 
similar operation. The recovery of the birds was surprising. In more than 30 
operations there were only three deaths, two during anesthesia and one from 
hemorrhage. 

Bile and pancreatic juice were used immediately for tests or were stored at 
1° C. with toluol until used. No differences could be detected between the fresh 
and stored samples. 

Amylolytic activity was estimated quantitatively from the reducing sugar 
produced by the action of the bile on one per cent boiled starch substrate (toluol 
added) with 0.01 M phosphate buffer and 0.02 M NaCl at 40°C. Quantitative 
estimations of reducing sugar were made according to the method of Shaffer and 
Somogyi (1933). The only modification of this method necessary was the ex- 
tension of the heating time of the digest sample with the copper reagent. An 
arbitrary ‘‘amylase unit’’ was established for convenience in expression of results. 
This unit is defined as that amount of amylolytic activity which will in one hour 
produce 25 per cent of the maximum amount of reducing sugar from one ml. of one 
per cent boiled starch at pH 7.10 (0.01 M phosphate buffer) with 0.02 M NaCl 
at 40°C. Trial digests were made to establish the concentration of bile which 
would give a linear relation with time for a period of about one hour after the 
addition of the bile to the substrate. 

Similar digests were made for qualitative tests. Reducing sugar was detected 
by Benedict’s qualitative test. All tests whether quantitative or qualitative 
were made within one hour after the addition of bile to the substrate. 


Experiment 1 


In order to ascertain whether or not the biliary amylase was hepatic in origin, 
bile was collected from the hepatic duct by means of a cannula thus excluding the 


TABLE I 


Relative amylolytic activity of bile and pancreatic juice 


Activity in amylase units* 
. | : Number | Optimum 
( “@ um Sasiniets cman a seen natinenia alae 
weep Juice of birds | 
| 


/ml. juice mg. dr. weight | 


At Gall bladder bile 15§ | 15-90 70-500 
Bt Hepatic duct bile 6 10-30 200-700 
Cc Pancreatic juice 3 800-6000 | 4000—600,000 | 


* Arbitrary unit for comparative purposes. See text. 

t With 0.01 M phosphate buffer and 0.02 M NaCl. 

t Groups A and B have 4 birds in common. 

§ Samples from 10 of these pooled and treated as a single sample. 


possibility of contamination by amylase from the intestine. Samples of hepatic 
duct bile from six birds were compared quantitatively with the gall bladder bile 
from four of these birds as well as with gall bladder bile from 11 others. The 
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samples from ten of the latter were pooled and treated as a single sample. The 
data recorded in Table I show that the hepatic duct bile contained amylase in 
amounts comparable to that in the gall bladder bile thus proving its origin in the 
liver. Comparisons were made on a volumetric as well as dry weight basis. For 
the purposes of studying relative activity, samples of pancreatic juice from three 
different birds were analyzed quantitatively. The relative amylolytic activities 
of bile and pancreatic juice as recorded in Table I reveal that the action of bile on 
starch is small when compared with that of pancreatic juice. 

The optimum hydrogen ion concentrations for the amylolytic actions of gall 
bladder bile, hepatic duct bile, and pancreatic bile were determined by buffering 
the substrate to various hydrogen ion concentrations with 0.01 M phosphate 
buffer in the presence of 0.02 M NaCl. The optimum hydrogen ion concentration 
as recorded in Table I agrees well with the accepted value for pancreatic amylase 
(pH 7.1) in the presence of the same concentration of NaCl (Tauber, 1937). 


Experiment 2 


The general occurrence of amylase in the bile of the domestic fowl was studied 
with qualitative tests on 50 birds in three age groups as shown in Table II. 


TABLE II 


General occurrence of biliary amylase in the domestic fowl 


Occurrence of amylase in bile* 


: ‘ . Number 
S > 5 f bi "| 
Source of bile Age of birds of birds | 





present | not present 





Hepatic duct adult 6 0 
Gall bladder adult 20 19 1 
Gall bladder 8 weeks 12 10 2t 
Gall bladder 4 weeks 12 7 5 


* Digest with 0.1—0.3 ml. bile and 1.2 ml. starch substrate with conditions as described in text. 
t Both contained traces of amylase. 


Samples which showed only traces of amylolytic activity were regarded as nega- 
tive. Indications from these tests are that its occurrence is irregular among 
younger birds. 

DISCUSSION 


Since bile obtained by the cannulation of the hepatic duct contained amylase 
the possibility of its presence being due to contamination by amylase from the 
intestine is eliminated. This is in agreement with the results obtained by Fossel 
(1931) in cattle and sheep. His observation that due to reabsorption of water 
the concentration of amylase in gall bladder bile is higher than that of hepatic 
duct bile appears to be supported by the results of these experiments. Loehner’s 
observation that the amylolytic activity of the bile is not great when compared 
to that of the pancreatic juice is certainly supported by the data obtained in this 
investigation. However, the function of biliary amylase in the processes of 
starch digestion should not necessarily be designated as unimportant until the 
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relative rates of secretion of bile and pancreatic juice are known. No information 
concerning this is available for the domestic fowl at the present time. 

Since the liver is generally supposed to contain a starch-splitting enzyme, 
“slycogenase,’’ the question arises as to the possibility that biliary amylase and 
“slycogenase”’ are identical. The author has no evidence concerning this. Any 
consideration of this possible identity must take into account the conclusion of 
Cori and Cori (1938) that glycolysis in the liver is due to the action of an enzyme 
system rather than to the action of a single enzyme, “‘glycogenase,”’ as formerly 
supposed. 


SUMMARY 


The bile of the domestic fowl contains an amylase which is secreted by the 
liver. Its optimum hydrogen ion concentration is similar to that of pancreatic 
amylase. The amylolytic activity of pancreatic juice was found to be 10-800 
times that of bile. 
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ACCELERATION OF CLEAVAGE OF ARBACIA EGGS BY 
HYPOTONIC SEA WATER 


IVOR CORNMAN 


(Marine Biological Laboratory, Woods Hole, and Department of Zoology, 
University of Michigan, Ann Arbor) 


During the summer of 1938, a series of experiments was undertaken at Dr. 
Robert Chambers’ suggestion, with a view to determining something of the 
mechanism by which decreased tonicity slows mitosis. In the dosage-rate curves 
there was noted an aberration which seemed to indicate an acceleration of cleav- 
age in slightly diluted sea water. Detailed investigation showed the acceleration 
to be real,! and the results are presented here. 

I am indebted to Dr. Robert Chambers for continued helpful advice, and to 
Dr. Alvalyn Woodward for sharing laboratory space supplied by the Faculty Re- 
search Fund of the University of Michigan during the summer of 1941. 


MATERIALS AND METHODS 


The eggs of Arbacia punctulata were used throughout. For each experiment, 
the washed, concentrated eggs were measured into control and hypotonic solutions 
in quick succession. All eggs were examined after 24 to 48 hours for normal 
development. Hypotonicity is represented in percentage of normal sea water: 
96 per cent being 4 parts of distilled water in 96 of sea water. Both concentration 
and time of exposure were varied experimentally. 

The solutions and eggs were brought to a uniform temperature before mixing, 
and the temperature maintained with a water bath. There was no difference 
among the solutions measurable within a tenth of a degree Centigrade, and the 
positions of the flasks were rotated to prevent favoring of any one by an imper- 
ceptible temperature difference. In some of the earliest experiments, in which 
a small water bath was used, the temperature rose as much as 3° C. during the 
course of the experiment, but frequent measurements of the solutions were made 
to insure an identical temperature in the different solutions. The temperatures 
employed ranged from 18.5° to 23° C., being kept close to that of the running 
water in the tanks to avoid temperature shock in transferring the eggs from the 
sea urchins to the solutions. 

It should be emphasized that alteration in rate of cleavage always refers to a 
comparison of experimental and control lots of eggs from a single female, run at 
the same time and subject to the same variations in temperature or other environ- 
mental factors. To check on variability in the method, experiments were run 

1 A search of the literature revealed that this accelerating effect of hypotonicity had received 
considerable attention, but no experiments upon the cleavage rate of marine eggs had been re- 
ported. Not until the work upon Arbacia eggs had already been reported (Cornman, 1940) and 
the full account was ready for press was it discovered that the acceleration of cleavage in Arbacia 
eggs had been extensively studied ten years earlier in the physiology class at Woods Hole under 
Dr. M. H. Jacobs’ direction. The effect had been noted before that by Dr. Walter E. Garrey. 
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with sea water in all flasks. The curves thus obtained from these six identical 
controls were exactly superimposable, and treated statistically showed no signifi- 
cant differences. Besides sea water controls, isotonic controls were also used in 
some experiments to check against the effect of electrolyte concentration. Iso- 
tonic sodium chloride was used as a control for total electrolyte content. These 
solutions were introduced in the same quantities as distilled water in the experi- 
ments with tonicities of 96 per cent and 95 per cent. 

In the crucial experiments the pH of the media was checked with a glass elec- 
trode at the beginning and at the end of the experiments. Between the concen- 
trations 100 per cent and 88 per cent sea water, the range in which acceleration of 
cleavage occurs, there was found to be a drift of only 0.1 pH unit toward alkalinity 
upon dilution, and no further change during the course of the experiment. The 
natural buffers of sea water were adequate to prevent any greater change in pH. 

Comparison of the rates of cleavage was made by statistical analysis of sam- 
ples fixed at successive intervals of two, three, or five minutes. This was done by 
pipetting samples from each of the control and experimental solutions, into one 
per cent formaldehyde, all within 10 to 15 seconds of each other. In each of 
these samples, 200 eggs were counted. In order to obtain samples that were as 
representative as possible, the experimental solutions were stirred after each 
sampling, and the killed eggs were thoroughly mixed before they were transferred 
to the counting slide. In counting the eggs, a regular pattern was followed which 
covered the entire slide. From these samples, the percentage of eggs cleaved 
within each period was determined. Arranged in a frequency table, these per- 
centages supplied the distribution, mean, and median of the time between fer- 
tilization and cleavage. In these statistical calculations, the percentage of eggs 


cleaved during the period between the moments of sampling constituted the fre- 
quencies of the classes, and the times at which the samples were taken constituted 
the class limits. Thus, the data could be handled by conventional statistical 
methods. Although not entirely satisfactory, it gives a preliminary estimate of 
the validity of results. Complete analysis involves special statistical problems 
which cannot be dealt with here. In all, over 500,000 eggs were counted. 


OBSERVATIONS 


The results of typical experiments are represented graphically in Figure 1. 
Connecting the cleavage percentages are steep ogives, tapering somewhat more 
near the 100 per cent cleavage mark ‘than near zero. Experiment I-12 
(Figure 1) show a series of curves revealing a clear-cut acceleration in 96 per cent 
and 92 per cent sea water, no acceleration in 88 per cent, and retardation in 84 
per cent. 

In general, acceleration of the first cleavage was found to occur in concentra- 
tions between 100 per cent and 88 per cent sea water. Acceleration was obtained 
with treatments beginning anywhere from four minutes after insemination, up to 
the diaster of the first cleavage. There was no sharply defined peak of accelera- 
tion at any one tonicity, but acceleration in 96 per cent was most frequently the 
highest. Moreover, the maximum acceleration for any single experiment oc- 
curred at 96 per cent: a statistically calculated acceleration of 3.36 minutes, which, 
referred to the control mean cleavage time of 65.36 minutes, represents a shorten- 
ing of the cleavage time by 5.1 per cent. Accelerations obtained varied from this 
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5.1 per cent to zero. Particularly during the summer of 1941 the eggs showed 
little response to hypotonicity, although the experimental procedure was the same 
as previously used. It should be emphasized that the variation was between zero 
and statistically significant accelerations. In the several hundred experiments 
there were few decelerations obtained in 98 per cent to 94 per cent sea water, and 
none of these was significant insofar as the statistical methods employed could 
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Ficure 1. Typical curves for first cleavage, showing a moderate hypotonicity effect, the 
amount of scattering about the ogive, and the slight variations in slope. The curves are smoothed 
by eye in accordance with the general trend of a large number of curves. 

I-12: Cleavage curves for 84 per cent to 100 per cent sea water. They show acceleration in 96 
per cent and 92 per cent, no effect in 88 per cent, and retardation in 84 per cent. The acceleration 
in 96 per cent, determined statistically, was 2.85 + 0.43 minutes. Treatment begun 14 minutes 
after insemination. Temperature 19° C. 

V-4: Cleavage curves for 96 per cent and 100 per cent sea water, and for the isotonic sodium chloride 
control for 96 per cent. There is a decided acceleration in the hypotonic sea water, but none in 
the isotonic control. The statistically determined acceleration in 96 per cent was 2.31 + 0.36 
minutes; in the isotonic control, —0.04 + 0.41 minutes. Treatment begun 13 minutes after 
insemination; temperature 18.5° C. 


show. In the range 92 per cent to 88 per cent, on the contrary, some experimental 
sets were retarded, while others were accelerated. This possibly represents a dif- 
ferent threshold of response among the different sets. Dilutions to 84 per cent 
and more always gave decelerated cleavage, as did all hypertonic solutions. 

At 19° to 20° C., cleavage between 5 per cent and 95 per cent is completed in 
from four to 20 minutes in normally developing eggs. (The spread for the steep 
section of the ogive in experiment I-12 is about 8.5 minutes.) There are much 
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smaller differences of spread within a single experiment (Figure 1). These dif- 
ferences in slope have not been analyzed for significance. 

Changes in electrolyte content and electrolyte balance caused no acceleration. 
Cleavage curves for 96 per cent sea water, and sea water diluted to 96 per cent 
by isotonic NaCl, are compared with cleavage in 100 per cent sea water in Figure 
1, experiment V-4. Both maltose and sucrose isotonic controls retarded cleavage 
slightly, but probably not significantly. Lillie and Cattell (1929) found no con- 
siderable alteration of cleavage rate, even with electrolytes reduced to 60 per cent 
with isotonic sucrose. 

When eggs remain in the hypotonic solutions, the acceleration is not duplicated 
in the second and third cleavages. Fewer figures are available for these cleav- 
ages, but they indicate definitely that after acceleration of the first cleavage, sub- 
sequent cleavages are not accelerated to the same extent. Also, if the first cleav- 
age does not respond to hypotonicity, the second cleavage does not. However, 
the second cleavage will sometimes respond to hypotonicity if the eggs are im- 
mersed after completion of the first cleavage. The acceleration is not as marked 
as that obtained in the first cleavage, reflecting, perhaps, the changed condition 
of the egg, and the shorter time available for the hypotonicity to act. 


DISCUSSION 


The amount and consistency of acceleration obtained show clearly that cleav- 
age of Arbacia eggs proceeds faster in hypotonic sea water than in normal sea 
water. However, dilution of sea water has effects other than reduction of the 
tonicity, so it remains to be shown that tonicity, and not some other dilution 
effect is responsible for the acceleration. Electrolyte concentration is one of 
these factors which must be distinguished from simple osmotic activity, since the 
electrolytes in sea water affect cells in many ways other than by their osmotic 
pressure. To test this possibility, it is a simple matter to reduce the electrolyte 
content without reducing the tonicity, by introducing isotonic nonelectrolytes 
into control solutions. Maltose and sucrose were used in these controls. The 
results with both were the same: a slight retardation of doubtful statistical 
significance. Electrolyte balance may also be involved to a slight degree, since 
some salts occur in sea water in much lower concentrations than do others. So- 
dium chloride is the most plentiful, and so diluting sea water might have the effect 
of changing the salt balance in favor of NaCl, particularly if one of the less abun- 
dant salts were brought near a physiological threshold of the Arbacia egg. If 
this is the case, then diluting sea water with isotonic NaCl should effect an even 
greater NaCl preponderance without any tonicity change. In controls diluted, 
no significant difference from the sea water control was in evidence. Unless we 
assume that sugars or sodium chloride in some way counteract a stimulation 
caused by changes in electrolyte content or salt balance, we must conclude thaf 
electrolyte alterations play no part in the acceleration of cleavage by dilution. 

There remains the question of pH effect, since a very slight trend toward 
alkalinity occurred in the range of dilutions which produced acceleration. This 
shift amounted to 0.1 pH unit upon dilution to 90 per cent, from which interpola- 
tion gives a 0.05 unit shift for the 96 per cent and 95 per cent dilutions. While it 
is extremely small, this pH shift must be taken into consideration, because a 
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number of investigators have found an acceleration of cleavage in sea water made 
more alkaline. There is by no means unanimous agreement upon this accelera- 
tion by alkalinity. Jacques Loeb (1913) concluded that the natural hydroxyl ion 
concentration is optimum for the development of sea urchin eggs, although he had 
earlier reported (1898) that addition of sodium hydroxide accelerated develop- 
ment. Of the several papers reporting acceleration of cleavage with increase in 
pH, the work of Smith and Clowes (1924) with Arbacia eggs is the most applicable, 
since they determined the precise pH values involved. In their Figure I, a pH 
increase of 0.05 corresponds to an acceleration of less than one per cent. Even 
part of this small increase must be a hypotonicity effect because 0.02 N NaOH was 
used to increase the pH, whereas an isotonic concentration would be around 0.5 N. 
So while tonicity cannot account for the marked acceleration obtained in basified 
sea water, nor pH for the acceleration obtained with slight dilutions, there remains 
the possibility that the results of Smith and Clowes, and those presented here, 
represent to a slight degree combined effects of pH and tonicity, in vastly different 
proportions. 

Since the accelerations in the various hypotonicities do not form a smoothly 
graded series when different experiments are compared, it should be emphasized 
that these results were obtained under a variety of experimental conditions. 
Temperatures, chosen to conform with that of the incoming sea water to avoid 
temperature shock, ranged from 18.5° to 23°C. Eggs from different sea urchins 
vary in response, and there possibly is a seasonal difference. There is even a 
yearly difference; eggs in the summer of 1941 showed much less response than in 
1940 and 1939. Particularly important is the natural variation in sea water con- 
centration along the coast (Garrey, 1915). These variables do not affect the 
validity of the results,.since results are stated in terms of controls run at the 
same time with eggs from the same material. 

From the work of other authors we can conclude that hypotonic stimulation of 
cell division is not an isolated phenomenon. It speeds up regenerative as well as 
embryonic processes. Jaques Loeb, in 1892, reported accelerated growth and 
regeneration of Tubularia hydranths kept in hypotonic sea water (one-third dis- 
tilled water), and suggested that growth in general decreases with decrease in 
water content and increases with limited increase in water content. Morgulis 
(1911) demonstrated that there is actually a high water content in the regenerat- 
ing tails of the polychaete, Podarke, and the salamander, Triturus. Goldfarb 
(1907) obtained maximum regeneration with Eudendrium and Pennaria hydranths 
in sea water diluted to 95 per cent to 80 per cent. Sayles (1928) found that new 
tissue formation during regeneration in Lumbriculus increased as the medium was 
diluted below the tonicity of the body fluid. Injecting distilled water into the 
body cavity (Sayles, 1931) produced the same cellular picture that was found in 
regenerating worms. Increase in mitoses in the digestive tract was one of the 
responses to hypotonicity. Aisenberg (1935) obtained increase in mitoses in frog 
epithelium after immersion in distilled water, or injection of distilled water. 

Following the work of Carrel and Burrows (1911), a number of workers verified 
these authors’ finding of an increase in growth of tissue cultured in diluted media. 
In most cases, however, growth was measured by the area of the outgrowth, and 
the réle of mitosis in this increase was not studied. Lambert found no increase 
in cell division and attributed the increase in area of the cultures entirely to migra- 
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tion of the cells. The experiments of von Mdllendorff with fibrocytes of adult 
rabbits also revealed no acceleration in hypotonic culture media. On the con- 
trary, Zivago, Morosov, and Ivanickaja (1934) found that cells of human em- 
bryonic heart do proliferate more rapidly in diluted culture medium. Olivio and 
Gomerato (1932) also found an increase in mitoses in hypotonic tissue culture 
media. In the first transplant into plasma diluted to half, they found the mitotic 
index of chick heart was nearly twice that of similar tissue grown in undiluted 
plasma. In subsequent transplants, the hypotonic cultures from seven-day 
hearts maintained a higher mitotic index throughout the 11 days of culture (four 
transplants). However, the mitotic index of the three-day heart dropped below 
that of the control after the first transplant. Knake (1933) found a selective 
effect of hypotonicity upon cultures of chick pancreas, resulting in increased 
growth of epithelium and decreased growth of fibroblasts. 

The effects of hypotonicity upon echinoderm development have been reported 
only for stages later than the initial cleavages. Vernon (1895), working with 
Strongylocentrotus, and Medes (1917), with Arbacia, obtained larger larvae in 
slightly diluted sea water. Bialaszewicz (1921), however, reports only retarda- 
tion of Strongylocentrotus and Echinus between the 4 to 12 blastomere stage 
and the blastula, in all dilutions. 

There are some clues as to the mode of action of the hypotonicity. One point 
at which it takes effect is within the mitotic cycle, inasmuch as cleavage can be 
accelerated by treatment begun as late as the diaster stage. The greater accelera- 
tion obtained when treatment is begun earlier may merely reflect the longer time 
of action, or may result from a second point of action during the fertilization 
process. Churney’s studies (1940) suggest that the elongation of the egg prepara- 
tory to cleavage may be the process sensitive to hypotonic acceleration. He 
found that elongation of the eggs is proportional to the dilution. If hypotonicity 
acts at this point, it must do so by allowing the elongation to occur sooner, since 
merely speeding the elongation once it has begun could not produce accelerations 
as large as those obtainea. 

The type of action by which hypotonicity takes effect would seem to be an 
improvement of the intracellular conditions, bringing them nearer optimum for 
cleavage, at least. If such is the case, one would expect that each successive 
division would be equally accelerated. Some of the results reviewed above, 
particularly those of Olivio and Gomerato, must represent such a sustained effect. 
Possibly in Arbacia the available energy is quickly exhausted, so that only one 
cleavage can be hastened. Varying supplies of energy could also explain the 
large variations between different sets of eggs. However, these experiments are 
not designed to eliminate the possibility that the acceleration results from a single 
stimulus rather than a sustained optimum. It is hoped that interrupted dosage, 
after which the eggs are returned to normal sea water, will reveal whether stimulus 
or optimum is the accelerating mechanism. 


SUMMARY 


1. In sea water diluted to a concentration 98 per cent to 94 per cent that of 
normal sea water, the eggs that responded showed acceleration of the first cleavage 
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as high as 5.1 per cent of the normal time between insemination and cleavage. 
Eggs from some sea urchins did not respond, but none showed deceleration in 
this range of concentrations. 

2. In concentrations 92 per cent to 88 per cent, some sets of eggs were accel- 
erated, while others were retarded. This reveals a threshold of antagonism be- 
tween accelerating and decelerating effects. 

3. Concentrations 84 per cent and less always retarded, as did concentrations 
hypertonic to sea water. 

4. Sea water diluted with isotonic electrolyte or nonelectrolyte did not produce 
an acceleration. 

5. The response could be obtained with treatment begun shortly after entrance 
of the sperm, or as late as the diaster of the first cleavage. The latter indicates 
that the acceleration results in part, at least, from action upon some phase of 
mitosis. 

6. The second cleavage could be accelerated separately, but eggs left in hypo- 
tonic sea water did not show cumulative accelerations for each cleavage. This 
shows that limited energy is available, or the effect is of the nature of a stimulus. 
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AREAS OF THE AVIAN INNER EAR 
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INTRODUCTION 


The differentiation of the otocyst of the chick embryo when isolated and trans- 
planted to the chorioallantoic membrane has been studied by Hoadley (1924). 
Grafts of primordia taken from 48-hour embryos showed membranous labyrinths 
which, while they were irregular in shape, displayed considerable histogenetic 
differentiation. This was particularly true of the sensory areas, which presented 
an histological picture directly comparable to that of the control. As neither 
nerves nor ganglion cells were found in the grafts Hoadley concluded that in that 
respect the sensory areas were independent differentiations of the otic epithelium. 
Fell (1928) studied the development of the 72-hour chick otocyst in tissue culture 
and obtained labyrinths which showed good histological differentiation but only 
slight advance in morphogenesis. She reported that the sensory areas of the 
explanted inner ears were nearly comparable to the sensory areas of the control. 
No observations on isolated labyrinths which were explanted and treated with a 
specific nerve stain are recorded by either of these investigators. 

The results obtained by Hoadley and by Fell indicate that differentiation of 
the sensory areas of the chick labyrinth may take place independent of innerva- 
tion. This cannot be proved, however, until it is demonstrated beyond doubt 
that there are no nerve fibers present in the immediate vicinity of or associated 
with well differentiated sensory areas of explanted labyrinths. It is difficult 
to demonstrate this without resorting to techniques which selectively stain the 
nerves, many of which are not satisfactory for embryonic preparations. The 
method of Bodian (1937), however, has yielded excellent results. The following 
experiments were made in an effort to test the validity of the conclusions of 
Hoadley and of Fell. The results of the experiments confirm those conclusions. 


MATERIAL AND METHODS 


In the following experiments grafts to the chorioallantoic membrane were 
made essentially as described by Hoadley. Chick embryos of ages ranging from 
12-somites to 43-somites were placed in warm mammalian Ringer’s solution on a 
warm stage on the stage of a binocular dissecting microscope. Fine knives made 
from dissecting needles were used in the operations which were performed by aid 
of a low magnification of the microscope. The otic region was removed and 
treated in either of two fashions. Some of the transplants were composed of the 
otocyst together with the surrounding mesenchyme and a portion of the adjacent 
myelencephalon; in other cases the otocyst was freed and then cleaned of as much 
of the adhering mesenchyme tissue as was possible in view of the haste required 
in the operation and. the desire to avoid mechanical injury to the primordium. In 
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most of the later transplantations, the otocyst alone was wrapped in a mantle of 
somatopleure taken from the lateral plate region of the area pellucida. Such 
treatment materially increased the percentage of successful grafts, apparently by 
protecting the donor tissues in the interval before complete incorporation by the 
host membrane. An envelope of splanchnopleure was also tested in the trans- 
plants but the somatopleure proved to be superior for the purpose. Control 
transplants of both somatopleure and splanchnopleure alone as well as of mes- 
enchyme from the otic region were made and examined. 

The grafts were fixed in Allen’s P.F.A.,; fixative, sectioned at 10 uw and stained 
with activated protargol according to the method of Bodian (1937). 


EXPERIMENTAL RESULTS 


Transplants of inner ear rudiments isolated from embryos of several different 
ages have been made and numerous grafts have been recovered. Identification 
of parts of these graft ears has been made largely on the basis of histological dif- 
ferentiation, but in some instances, the morphology of the labyrinth has been used 
to supplement the histological picture. 

Since many of the younger otocysts were wrapped in either somatopleure or 
splanchnopleure from the lateral plate region before transplantation and all ex- 
plants had some mesenchyme cells clinging to them, it was thought well to deter- 
mine what embryonic structures might arise from these tissues when transplanted 
to a foreign environment. To do this, some transplants were made of somato- 
pleure alone, some of splanchnopleure, and some of the mesenchyme adjacent to 
the otocyst. Graft A184~—41 is of somatopleure taken from the lateral plate 
region of a 31-somite donor and has a control age of 94 days. There is no dif- 
ferentiation of embryonic structures in the graft. The same result was obtained 
when splanchnopleure of the lateral plate region of a 30-somite (ca.) donor was 
grown for 7 days. 

Considerable differentiation is found in some grafts of mesenchyme taken from 
the region of the otocyst. Two cases are worthy of mention, because ganglion 
cells and cartilage are present in both. Unfortunately, the exact region from 
which the mesenchyme was taken is not recorded in the protocols. Case A192-41 
is of mesenchyme taken from a 31-somite donor and has a control age of 9} days. 
It contains an elongated nodule of well-differentiated cartilage and beyond one end 
of this cartilage is a ganglion. Case A182-41 is of mesenchyme from a 28-somite 
donor. It has a control age of 9 days. A cartilage nodule is present with 
ganglion cells localized at one side of it. There are several epithelial pearls in 
this graft. 

The presence of cartilage in the grafts of mesenchyme indicates that by 28 
somites the mesenchyme in the region of the otocyst possesses the capacity to form 
cartilage even though it is isolated from the influence of the membranous laby- 
rinth. The ganglion cells which are present in both of these grafts probably mean 
that some cranial neural crest material or some cells from the field of the acoustico- 
facialis ganglion were transplanted with the mesenchyme. 

Since the grafts recovered are too numerous for complete description, they 
have been divided into convenient groups based on the stage implanted and typical 
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examples from each group will be fully described. Information secured from 
some of the other grafts which will not be described is presented in Table I. 

It is extremely difficult to determine the specific identity of a sensory area in 
a graft. Because of this, thickenings of the otic epithelium which tend to re- 
semble cristae are referred to as cristae and the macula-like sensory areas are 
designated as maculae. It should be borne in mind that these terms are used in a 
descriptive sense and do not always imply a positive identification of a specific 
sensory area. 


TABLE I 


Data on some of the grafts of the otic region which are not described in the text 


Control 
Case number | Donor age age in Remarks 


days 








A2-40 | 17S 94 Several sensory thickenings and most of them are innervated. 
A247-41 | 18S 84 Two otic pits and brain implanted. Both inner ears have dif- 
ferentiated sensory areas. Some of these are innervated. 
A327-41 m3 ee Good morphological differentiation. No ganglion cells in graft 
and no differentiation of sensory areas. 

A140-41 26S 8 Two sensory areas with no nerves to their epithelia. 

A244-41 28S 9 Nerves and ganglion cells present but no differentiation of sen- 
sory areas. 

A169-41 31S 8} Shows utriculus, sacculus, canal rudiment and endolymphatic 
evagination. Half-moon of cartilage around labyrinth. No 
nerves in graft. Contains a well differentiated crista and a 
macula. 














12-20 Somites. Case A299-41 is a 7-day graft of an otic placode isolated from 
a 12-somite donor. Before transplantation the placode was wrapped in somato- 
pleure. The membranous labyrinth consists of two vesicular structures of un- 
equal size connected by a small lumen and has an endolymphatic duct and sac. 
There is no development of sensory areas in the epithelium of the smaller vesicle, 
but the larger vesicle has several sensory areas. The high columnar epithelium 
of the endolymphatic sac is more convoluted than in the control. No canal 
rudiments are present. A rod-shaped cartilage mass is found along one side of 
the ear. There are a few ganglion cells and short nerve processes between lobular 
outpocketings of the endolymphatic sac but these neurones are localized and no 
nerves approach the sensory epithelium. Three cristae which appear to be dif- 
ferentiations of a large patch of thickened epithelium are present in the larger 
vesicle. There is no definite development of hair and supporting cells, but some 
short dark-staining cells which reach the surface of the epithelium suggest the 
initial differentiation of hair cells. No nerves enter the sensory areas. These 
sensory areas do not project as far into the lumen as the cristae of the control. 

Near one end of the larger vesicle there are two small, flattened epithelial 
thickenings with neither otolithic membranes nor differentiated hair cells. Their 
form is similar to that of a macula but the small size and lack of differentiation 
make their identity somewhat problematical. 

Another graft (A302-41) in this group is of an otic pit isolated from an 18- 
somite embryo. This was not wrapped in either somatopleure or splanchnopleure 
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before implantation. The control age is 84 days. This inner ear is vesicular and 
has an endolymphatic duct and sac. Well differentiated cartilage forms a half- 
moon around the side of the labyrinth which is away from the endolymphatic duct 
(Figure 1). Ganglion cells and nerves are present in the graft but they are not 
found in the immediate vicinity of the sensory epithelium. A crista (Figures 1 
and 2) has a slight indication of a covering membrane but hair and supporting 
cells are not clearly differentiated. _Nonerve elements can be distinguished among 
the connective tissue cells which underlie the sensory epithelium. 

The nerve fibers in this graft originate from ganglion cells located in the 
mesenchyme to one side of the otic epithelium. From these cell bodies the fibers 
pass through a break in the cartilage to a ganglion located beside the endolym- 
phatic sac. Some nerves from this latter ganglion pass close to the epithelium 
of the endolymphatic sac and are lost in the surrounding connective tissue. An- 
other branch continues through the break in the cartilage and passes in the oppo- 
site direction along the outer edge of the cartilage to a brain-like mass of nervous 
tissue. The presence of nerve elements indicates an incomplete isolation of the 
otic pit. At this stage it is difficult to clean the ear rudiment before transplanta- 
tion. A significant feature of both these labyrinths is the complete separation 
of definite sensory areas from nerve fibers and ganglion cells. 

21-25 Somites. The grafts in this age group show more complete morpho- 
logical differentiation than do those described in the preceding section (cf. Water- 
man and Evans, 1940). Correlated with this is an increase in the completeness of 
histogenesis. 

The most extensively developed graft, A397-41, is of an otic pit isolated from 
a 21-somite donor. Its control age is 8? days. A utriculus, a sacculus and two 
canal rudiments are present. A portion of the saccular region has been inter- 
preted as a lagena, because of the similarity of its sensory epithelium to a papilla 
basilaris. There is no indication of development of the recessus labyrinthi. 
This is unusual, for this part is one which persists in practically all grafts of the 
inner ear. The otic capsule is represented by three nodules of cartilage. 

There are four foci of thickened epithelium which represent the sensory areas 
but none of these sensory areas is innervated. A crista is found near the utricular 
end of a canal rudiment and the other canal rudiment has a macula near its base. 
This latter sensory area is in a small pocket between the utricular ends of the two 
canal rudiments. The sensory area of the lagena has some clear cells to one side 
which are similar to those of a papilla basilaris. There is differentiation of hair 
and supporting cells, but the membrane which covers this sensory area resembles 
an otolithic rather than a typical tectorial membrane. The rest of the thickened 
epithelium of this lagenar sensory area resembles a macula but has no differentia- 
tion of hair or supporting cells. 

Beyond and to one side of the blind ends of the canal rudiments are three 
groups of nerve cell bodies. There are 2-4 cells per group and capsule cells are 
evident at the periphery of these cell bodies. A few nerve fibers run toward these 
groups of cells from the region of the otic epithelium but the fibers are not stained 
heavily enough in the vicinity of the cell body to trace them into the cell itself. 
In the other direction, these fibers disappear in the mesenchyme. A second 
region of ganglion cells lies between the epithelium of the lagena and the edge of 
the graft. The most prominent of these cells is a bipolar neurone lying close to the 
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PLaTE I 


1. Section through graft A302-41. The endolymphatic sac is represented by convoluted 
epithelium near the top of the photograph. Two oval areas in the cartilage at the right mark the 
nerves which pass through the cartilaginous capsule. A well formed crista is seen on the lower 
side of the lumen. X 45. 

2. Higher power view of the crista of Figure 1. X 195. 

3. Section through graft A120-41. The macula is at the extreme left of the photograph. 
A crista is present slightly to the right and below the macula. X 60. 

4. Higher power view of the macula and crista seen in figure 3. X 112. 

5. Section through the innervated sensory area of graft A163-41. Nuclei of hair cells may 
be seen near the surface of the macula which is on the left of the lumen. Nerve fibers in the 
area underlying the macula appear as faint lines in the figure. X 178. 

6. Section through graft A163—41 at another level. A crista is present at the lower margin 
of the lumen. The mass of cells at the left which projects into the lumen represents the termina- 
tion of the innervated sensory area seen in Figure 5. X 110. 
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lagenar epithelium. One process of this neurone bends back on itself and joins 
other nerve fibers which run through the thickened sensory epithelium of the 
sacculus just inside and parallel to the basement membrane. They soon leave 
the sensory epithelium and pass along the closed end of the lagena into the 
mesenchyme. 

Case A151-—41 is of an inner ear rudiment which was isolated from a 24-somite 
donor and wrapped in somatopleure before transplantation. Its control age is 
9days. The labyrinth is somewhat vesicular but histologically a utriculus, sac- 
culus and an endolymphatic duct and sac are distinguishable. There are no 
canal rudiments. The cartilage capsule is confined to the utricular end of the 
ear. It surrounds the utriculus at its distal end but forms only a nodule at one 
side of the proximal region. Poor development of the cartilage capsule is taken 
as evidence that little adjacent mesenchyme was transplanted with the otic 
rudiment. 

A crista is found in the utriculus and a macula is present in the sacculus. The 
crista shows no evidence of subordinate differentiation or of innervation. There 
are some ganglion cells outside of the cartilage capsule. From these cells, nerves 
pass through a break in the capsule, run beneath the macula and end in the adja- 
cent mesenchyme. Just beneath the free surface of this macula and parallel to 
it are some fibers which stain black with Bodian’s technique. Although their 
cell bodies are not evident, these are interpreted as nerves and the sensory area is 
probably innervated by these fibers. The innervation is not typical. There is 
some suggestion of hair and supporting cells in this macular area and the epithe- 
lium is thrown into shallow humps at two places. <A poorly developed otolithic 
membrane is present. 

27-30 Somites. Operations performed on embryos of these ages are easily 
accomplished by shelling out the otocyst, but it is difficult to free the inner ear 
rudiment from all of the ganglion cells. The exact relation of otocyst and gang- 
lion cells is indefinite in control embryos and the number of grafts in this group 
which showed nerve cell bodies and nerves connecting with the otic epithelium 
make it reasonably certain that the nervous elements were not successfully ex- 
cluded in the majority of cases. 

Case A336-41 is a 6} day graft of an otocyst isolated from a 27-somite embryo. 
Utriculus, sacculus, endolymphatic sac and duct, lagena and three canal rudiments 
can be distinguished. The cartilage capsule is almost complete, especially 
around the lagena and sacculus. The endolymphatic sac and duct are inside the 
cartilage capsule next to the otic epithelium instead of being external to the cap- 
sule as in the control. In all, five sensory areas are represented. 

Two cristae and one macula are found in the utriculus. The cristae are on 
opposite sides of the utriculus with the macula beside one of the cristae. Both 
of the cristae are innervated and show slight differentiation of hair and supporting 
cells. The presence of cupular material is questionable. The macula is poorly 
differentiated with no clearly defined hair or supporting cells and no innervation. 

The sacculus is a bilobed sac-like structure which joins the utriculus opposite 
the point of entry of the endolymphatic duct. It has a macula which is in- 
nervated and shows the initial differentiation of both hair and supporting cells. 
The lagena appears as a direct continuation of the utriculus and contains a fairly 
well differentiated sensory area which is similar to a papilla basilaris. Beside 
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the lagena there is a large ganglion from which nerve fibers run to the cristae and 
to the sensory areas in the sacculus and in the lagena. A few nerve cell bodies 
are found beside the sacculus and some more are adjacent to the lagena. 

A second graft of an otocyst from a 27-somite donor (A120—41) has only one 
of its three sensory areas innervated. This otocyst was wrapped in splanchno- 
pleure before implantation and has a control age of 8} days. That this was a 
more successful isolation than case A336—41 is suggested by the fact that the 
cartilage capsule is less complete than in the previous case. The cartilage forms 
a half-moon around the labyrinth except at one extremity where it assumes an 
elongate rod-shaped form (Figure 3). A utriculus, sacculus, endolymphatic ap- 
pendage and two canal rudiments may be distinguished. 

Two cristae and a macula are found in the utriculus. The cristae are on op- 
posite sides of the utriculus and are not innervated. They show no differentiation 
of hair and supporting cells. The macula is located near one of the cristae and 
has both hair and supporting cells (Figures 3 and 4). On opposite sides of the 
macula are two sets of nerve cell bodies which are connected by nerves. These 
nerves pass through the sensory epithelium and it is probable that they give off 
some branches which innervate this sensory area although the innervation is not 
typical. 

The third graft to be described (A238-41) is of an otocyst isolated from a 30- 
somite donor. Its control age is 9} days. Utriculus, sacculus, lagena, endo- 
lymphatic duct and sac and one canal rudiment are represented. The cartilage 
capsule forms a half-moon around the labyrinth. A non-innervated crista is 
present in the utriculus and the sacculus contains extensive sensory epithelium 
of the macular type. Adjacent to the sacculus is a ganglion containing the cell 
bodies of several nerves which run beside the macula but enter its epithelium at 
only a few points. The macula is covered by an otolithic membrane. The 
lagena is identified by some clear columnar cells which are typical of the papilla 
basilaris but this papilla basilaris is poorly differentiated and is not innervated. 

31-43 Somites. In transplants of older otocysts, there tend to be more well- 
differentiated sensory areas than were present in grafts of younger stages. A 
striking thing about this present group is the relatively few sensory areas which 
show signs of innervation. In general, morphogenesis has proceeded further in 
these transplants than in transplants of younger otocysts, although vesicular 
inner ears are found in the grafts. 

Case A163-41 is an otocyst isolated from a 32-somite donor and wrapped in 
somatopleure before implantation. Its control age is 8} days. This inner ear is 
an ovoid vesicle with an endolymphatic duct and sac entering from one side. 
There are no canal rudiments nor is there any epithelial differentiation of the pars 
inferior labyrinthi. At one end of the labyrinth the cartilage capsule completely 
surrounds the otic epithelium but the rest of the labyrinth has only a half-moon 
shaped capsule around the side opposite to the endolymphatic duct and sac. 

There are three general regions of thickened epithelium which represent four 
sensory areas. Two of them are well defined, but the third is spreading and is 
composed of a crista anda macula. At least a part of all of these sensory areas is 
apparent in the portion of the otic epithelium which is surrounded by cartilage, 
and two of them extend into the region of the labyrinth which has only a half- 
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moon of cartilage around it. The macular portion of the large spreading area of 
sensory epithelium begins in the portion of the labyrinth where the capsule is 
complete. Here the sensory epithelium is stratified and has a suggestion of a 
covering membrane. The sensory area has a flattened macula-like appearance 
with both hair and supporting cells present. The macula (Figure 5) is innervated 
by nerve fibers which pass through a break in the cartilage capsule; the cell bodies 
of these nerves were not identified. The sensory epithelium soon increases in 
area and changes from a flattened to a hillock-like form which is interpreted as a 
crista. It has both hair and supporting cells as well as a cupular remnant. This 
sensory epithelium terminates just before the endolymphatic duct enters the 
vesicular portion of the labyrinth. In the region where the complete cartilage 
capsule becomes half-moon shaped, there is a thickening of the otic epithelium 
into a crista-like sensory area (Figure 6). There is evidence of both hair and 
supporting cells, although the presence of sensory hairs is questionable. The 
smallest sensory area is a thickening of the epithelium in which stratified cells 
forma small crista. This is not well differentiated, for neither hair nor supporting 
cells can be distinguished and cupular material is lacking. This labyrinth is 
noteworthy because of the large areas of well differentiated sensory epithelium 
which are not innervated. 

A graft of an otocyst from a 43-somite donor (A382-41) shows more mor- 
phological differentiation than does the preceding case. This otocyst had the 
endolymphatic rudiment cut off prior to implantation. The control age is 12 
days. A utriculus, sacculus, lagena, two canal rudiments and a complete canal 
are present. The sensory areas are well differentiated. The cartilage capsule 
surrounds the portion of the utriculus which communicates with the complete 
semicircular canal but in other places it is made up of several cartilage nodules 
which differ in size. 

Seven thickenings of the epithelium probably represent sensory areas. Four 
of them are widely separated from each other, but the other three are on the same 
side of the labyrinth and are so close together that they may well have arisen by 
a splitting of a single area of sensory epithelium. In the pars inferior portion 
of the inner ear are found a macula as well as some neuroepithelium which re- 
sembles a papilla basilaris. The macula has stratified epithelium, is flattened 
and probably represents the macula sacculi. Supporting cells and hair cells with 
sensory hairs which project above the surface of the macula are evident. The 
macula is covered by an otolithic membrane. The sensory area of the lagena is 
identified by its flattened shape and stratified epithelium surmounted by a tec- 
torial membrane. This membrane has been separated from its attachment point 
but its position is similar to the tectorial membrane of the control. Well defined 
hair and supporting cells are present. The hair cells are close to the surface as in 
the papilla basilaris of the control and sensory hairs project above the epithelium. 

The utriculus contains five sensory areas. The one which is close to the sac- 
cular region is flattened and shows both hair and supporting cells. Sensory hairs 
and an otolithic membrane are present. This sensory area is interpreted as a 
macula utriculi. Almost in continuity with this sensory area is another flattened 
region of well differentiated neuroepithelium which resembles the macula de- 
scribed above. The macula is continuous with a well differentiated crista which 
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occurs at the entrance of the complete canal. The histological picture suggests 
an ampulla with its crista. Above the crista is a covering which may represent 
cupular material but it does not resemble a typical cupula. A sixth area of 
neuroepithelium is found at the base of a canal rudiment. It has a typical crista 
shape and is well differentiated. There are both hair and supporting cells as well 
as sensory hairs. As in the case of the other crista in this graft, there is some 
dark-staining material above the epithelium which is interpreted as a cupular 
remnant. The seventh sensory area is a crista at the opposite side of the utriculus 
from the two well differentiated cristae which are described above. Hair and 
supporting cells are not well differentiated and the presence of sensory hairs is 
questionable. There are no nerves in this graft. 

An interesting feature of this group of transplants is the absence of nerves in a 
large proportion of the grafts. In two cases (A377—41, A163-41) there is only one 
innervated sensory area in each labyrinth and case A187-41 has three innervated 
sensory areas which are near each other. Three other grafts examined in this 
group had no nerve elements present. 

The differentiation of the components of the ear was also tested by transplant- 
ing portions of the otocyst from donors of this age group. Two grafts (A375-41, 
A380-41) of the endolymphatic rudiments of otocysts from 43-somite donors show 
that this portion may survive and grow ina graft. The epithelium is convoluted 
and the columnar cells are much taller than in the endolymphatic sac of the 12-day 
control. Case A382-41, previously described in this group, had the endolym- 
phatic rudiment removed before implantation. This labyrinth showed no evi- 
dence of an endolymphatic duct or sac. Apparently, the inner ear cannot re- 
generate this portion of itself in a graft when the endolymphatic rudiment is 
removed at the 43-somite stage. 

Two grafts of the isolated pars inferior were recovered. Case A369-41 is a 
graft of the pars inferior of an otocyst from a 41—somite donor. Its control age is 
12 days. This labyrinth consists of two vesicular structures. A part of one of 
the vesicles has differentiated as a lagena and shows a well developed papilla 
basilaris. No other special epithelial differentiations were observed. The other 
graft (A347~41) is not as completely differentiated as this one. It is of a pars 
inferior from a 38-somite donor and has a control age of 103 days. A lagena and 
sacculus are present but the only suggestion of a sensory area is some stratified 
epithelium which shows no specific differentiation of hair and supporting cells. 
These cases indicate that under the conditions of the experiment the pars inferior 
is incapable of regenerating a pars superior and recessus labyrinthi by the stage 
at which these transplants were made. 


DISCUSSION 


The transplanted labyrinths which have been studied show that cristae, 
maculae and a papilla basilaris will differentiate in grafts of the inner ear rudiment, 
although these sensory areas may not be innervated. An isolated labyrinth may 
have more than one of these types of sensory areas, but it has been found that 
generally a papilla basilaris does not occur in a graft when no other type of sen- 
sory area is present. For the most part, these sensory areas are well developed 
and, while not always comparable to the control in all respects, their differentia- 
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tion indicates that histogenesis has been only slightly retarded. The complete- 
ness of differentiation of individual sensory areas is not affected by the age of the 
donor, although the otocysts which are older at the time of transplantation con- 
tain more numerous sensory areas than do otocysts from younger donors. The 
sensory areas may or may not be innervated. 

The results reported here are in accord with those of Hoadley (1924) and of 
Fell (1928). Their studies and the present results indicate that the sensory areas 
of the inner ear of the chick possess a considerable capacity for independent dif- 
ferentiation. When the nerves are prevented from reaching the otic epithelium, 
the histological differentiation of the sensory areas is retarded only slightly if at 
all. In connection with this study, some transplants were made which included 
the myelencephalon and the otocyst in their usual relations. These labyrinths 
do not show innervation of all of the sensory areas. At least one sensory area in 
each labyrinth has no nerve fibers running into it. The cases where nerves pene- 
trate the epithelium do not yield any more highly differentiated sensory areas 
than do those grafts of isolated otocysts in which there are no nerves in the vicinity 
of the sensory epithelium. Other sense organs beside the sensory areas of the 
inner ear are capable of differentiating when isolated from the influence of the 
nervous system. The studies of Harrison (1904) on the lateral line organs of 
anurans show that these organs can develop and differentiate in the absence of 
nerve fibers. Several more recent investigators have examined the capacity for 
independent differentiation possessed by taste buds in a number of forms. 

The results reported here present strong evidence that the sensory areas of 
the avian inner ear are capable of independent differentiation from the otic epi- 
thelium after the 12-somite stage, at least in so far as the nervous system is con- 
cerned. Since in otocysts isolated from nerve elements, sensory areas appear 
which are histologically comparable to those of the control, the nerves themselves 
appear to play no part in the development of the sensory areas and may be only 
passive elements which are attached to the sensory epithelium and follow its 
divisions during the development of the sensory areas. If the nervous system 
exerts any “‘initiating”’’ influence upon the otic epithelium which results in the 
formation of sensory areas, this effect probably occurs prior to the stages studied 
here. That would place the time of action previous to the appearance of the first 
demonstrable nerve fibers in either the central or the peripheral nervous system. 


SUMMARY 


The capacity for differentiation of the sensory areas of the avian inner ear 
independent of innervation, has been studied by transplanting isolated primordia 
of the inner ear to the chorioallantoic membrane. Maculae, cristae and a papilla 
basilaris differentiated in the transplants. All three types of sensory areas are 
seldom found in any one graft. The sensory areas of the transplanted labyrinths 
are comparable to those of the control. The morphogenesis of the membranous 
labyrinth was greatly suppressed in the grafts but the histogenesis of the sensory 
components showed but little retardation. 

Since the sensory areas of the inner ear undergo typical development when 
isolated from their nerve supply, it is concluded that they are capable of inde- 
pendent differentiation in so far as the nervous system is concerned. 
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THE UTILIZATION OF GLYCOGEN BY FLIES DURING FLIGHT 
AND SOME ASPECTS OF THE PHYSIOLOGICAL 
AGEING OF DROSOPHILA 


CARROLL M. WILLIAMS,! LEWIS A. BARNESS, AND WILBUR H. SAWYER 
(The Biological Laboratories, Harvard University, Cambridge) 


The frequencies with which many insects move their wings during flight are 
unparalleled in the appendicular movements of any other animals. The extent 
to which this is true may be judged from Table I where the maximum frequencies 


TABLE I 


Wing-beat frequency of Drosophila and the maximum frequencies yet recorded for the 
muscular movements of other animals. 


Animal Activity Frequency (cycles/sec.) Authority 





Drosophila 
Rattlesnake 
Humming-bird 
Mouse 


Man 


| Wing-beat during 
Movement of rattle 17 


| Wing-beat during 


100-300 
flight 
100 


60-70 
flight 


| Scratching reflex of 20 


hind leg 
Voluntary vibration 

of the opponens 

pollicis muscle of 


10-13 


| Chadwick & Williams 
(unpublished data) 
Chadwick & Rahn 

(unpublished data) 

| Edgerton & Killian 
(1939) 

| Chadwick & Pearson 
(unpublished data) 

| Schafer, Canney & 

| Tunstall (1886); 
see also Fenn (1932) 


the hand 


of muscular movements yet recorded for reptiles, birds, and mammals are com- 
pared with the frequency of wing-beat of Drosophila. The intense level of activ- 
ity characteristic of flight is also revealed by the high rates of oxygen consumption 
characteristic of flying insects (Chadwick and Gilmour, 1940; Davis and Fraenkel, 
1940; Krogh, 1941). For these reasons the metabolic processes responsible for 
flight are of unique physiological interest. 

It is known from the studies of Beutler (1936a and b; 1937) that the high con- 
centration of sugar in the blood is utilized by the honey-bee during flight. Gly- 
cogen in this animal apparently plays only a minor role in metabolism. However, 
the dependency of the honey-bee on the food reserves of the hive renders it 
atypical. This fact along with the high concentration of glycogen characteristic 
of many other insects (Babers, 1941) suggests that glycogen may be of more 
general importance in the physiology of flight. 

We have sought in the present investigation to test this possibility by studying 
the flight metabolism of flies. _By combining microchemical analyses for glycogen 
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with stroboscopic determinations of the frequency of wing movement, it has been 
possible to ascertain the changes in the concentration of glycogen which accom- 
pany measured amounts of flight activity. 


MATERIALS AND METHODS 


The study was performed, for the most part, on a strain of Drosophila funebris 
(Fabr.) that had been previously inbred brother by sister for ten generations. 
Female individuals were used exclusively. Age was controlled within +2 hours 
during the first two days of adult life and within +12 hours in older individuals. 
The flies were raised and isolated in bottles containing a standard agar-molasses- 
yeast culture medium in a room having a constant temperature of 20.0 + 0.5° C. 
Female individuals of an inbred strain of the blow-fly, Luctlia sericata (Meig.), 
were used in one series of experiments. 

Measurements of the frequency of wing-beat were carried out by means of an 
Edgerton stroboscope. This instrument consists of a neon-filled tube whose flash- 
frequency can be varied by means of a potentiometer. When the flash-frequency 
is tuned to equal the frequency of wing movement, a standing-image of the wings 
is obtained and the calibrated scale of the stroboscope then indicates the frequency 
of the wing-beat. 

The measurements were performed on animals during ‘‘fixed”’ flight. This 
was accomplished by attaching the posterior, dorsal tip of the abdomen by means 
of paraffin to a wire which served as a support. Drosophila, after the initiation 
of flight, generally flew until exhausted, whereas it was necessary to stimulate 
Lucilia continuously by means of a slight movement of air produced by an electric 
fan. Lucilia was flown at room temperature and Drosophila at 20.0 + 0.5° C.; 
stroboscopic measurements of wing-beat frequency were made on each individual 
every 3 minutes or more often. 

Glycogen was determined by the Pfliiger method with modifications by Good 
et al (1933) and Blatherwick et al (1935). After acid hydrolysis of the glycogen, 
the concentration of the resulting glucose was measured by the copper-iodometric 
method of Shaffer and Somogyi (1933) using Reagent 50. The analytical process 
was calibrated by means of C.P. glycogen and glucose. 


UTILIZATION OF GLYCOGEN DURING FLIGHT 
A group of 4- to 5-day old Drosophila, which had been isolated in a single bottle 
of food, were mounted and stimulated to fly. Each half hour a number of animals 
were stopped and immediately analyzed im toto for glycogen. The results are 
recorded in Table II and Figure 1. The glycogen was found progressively to 


TABLE II 
The utilization of glycogen during the continuous flight of Drosophila funebris. 


Duration of flight Number of Mean concentration of glycogen 
(minutes) animals (in per cent of live weight) 
0 12 4.88 
30 10 3.93 
60 9 2.73 
90 7 1.30 


38 





GLYCOGEN CONG. (IN % OF LIVE WEIGHT) 
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diminish during flight. At the end of 90 minutes the concentration had decreased 
from an initial value of 4.88 to 1.30 per cent of the live weight. An extrapolation 
of the curve in Figure 1 indicates that the concentration of glycogen would reach 
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FIGURE 1. Changes in the glycogen concentration of flies during continuous flight. The 
upper curve was obtained from analyses of entire Drosophila, the lower curve from analyses of 
the thoraces of Lucilia. 


100 120 


zero by about the 110th minute of flight. This is in good agreement with the 
average length of time 4.5-day old Drosophila can fly, which, as can be seen from 
Figure 4, amounts to 106 minutes. 

In order to ascertain whether the concentration of glycogen decreases in the 
thorax during continuous flight, the experiment was performed using Lucilia. 


TABLE III 


The decrease in thoracic glycogen during the continuous flight of Lucilia sericata. 






Duration of flight Number of Mean concentration of glycogen 
(minutes) animals (in per cent of wet weight of thorax) 

0 7 3.4 
5 1 3.3 

10 2 3.2 

28 1 2.6 

50 1 a 

55 1 

61 1 
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As shown in Table III and Figure 1, the results obtained from the analyses of 
individual thoraces were essentially identical with those obtained from entire 
Drosophila. 


WING-BEAT FREQUENCY DuRING CONTINUOUS FLIGHT 


The changes which occur in the frequency of wing-beat during continuous 
flights to exhaustion reflect the response of the neuromuscular system, in terms 
of the frequency of its activity, to the progressive decrease in glycogen con- 
centration. 
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FiGuRE 2. The wing-beat frequency of Drosophila during a continuous flight to exhaustion. 
The frequencies of wing movement were measured at 10-second intervals and averaged over 
10-minute intervals. Animal five days old. 


The exact shape of the fatigue curve obtained when wing-beat frequency is 
thus considered as a function of time differs in detail among the various species of 
Drosophila and among individuals of a single species. For Drosophila funebris it 
was nevertheless clear that, except in very young or very old individuals, the 
frequency of wing-beat did not ordinarily undergo any large change, at 20° C., 
during a considerable period after the initiation of flight. This is apparent in the 
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typical flight shown in Figure 2. Thus the response may generally be divided 
into two stages: (1) an initial period during which wing-beat frequency undergoes 
only slight variations; and (2) a final period of fatigue, manifested by a rapid 
decrease in wing-beat frequency until the termination of flight. 

If an animal that has been flown to exhaustion is again stimulated to fly, wing- 
beat frequency rises momentarily, but then decreases rapidly to the low frequen- 
cies characteristic of the final minutes of the preceding flight. Such repeated 
flights after exhaustion are always of short duration even if the animal is permitted 
to rest for several hours. 

It is noteworthy that the frequency of wing-beat during the final period of 
fatigue never decreases gradually to zero: wing movement ceases before the fre- 
quency becomes as low as 100 double-beats per second. Under no combination 
of environmental conditions yet tested has any species of Drosophila been induced 
to fly during ‘‘fixed”’ flight at frequencies lower than about 70 double-beats per 
second. This fact may eventually be of considerable interest in interpreting the 
physiology of the neuromuscular system responsible for flight, since it indicates 
that the flight mechanism not only operates at unparalleled frequencies, but, in 
the case of flies, is incapable of slowing down to the range of frequencies charac- 
teristic of the neuromuscular systems of animals other than insects (see Table I). 


CHANGES IN GLYCOGEN CONTENT AND IN FLIGHT ABILITY AS FUNCTIONS OF AGE 


Since systematic changes in glycogen content have been reported as functions 
of age in both insects (Babers, 1941) and mammals (Heymann and Modic, 1939), 
such variations if found for Drosophila would offer an opportunity of testing for 
simultaneous changes in flight ability. For this reason the glycogen concentration 
and the flight ability of Drosophila were studied over the first month of adult life. 

Considerable variation was found for these factors among animals of similar 
age which had been isolated in different bottles of food; in contrast, individuals 
isolated in a single bottle showed a much higher degree of uniformity. This 
variability found among animals of similar age may, in part, be attributed to the 
lack of environmental uniformity within different bottles. For instance, even 
though the animals were transferred to fresh food every few days, it was impossible 
to control the yeast growth and the ventilation and, hence, the tensions of carbon 
dioxide and alcohol vapor. For these reasons it was necessary to use a large num- 


TABLE IV 
Changes in the glycogen concentration in Drosophila funebris as a function of adult age. 


Average age Number of Average concentration of glycogen 
(days) animals (in per cent of live weight) 

0.5 91 

72 

114 

65 

77 

85 

75 

31 

21 

23 
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ber of determinations of glycogen and of flight ability in order to establish the 
approximate values for the age relationships. 

Fifty-one analyses were performed on a total of 654 animals of known ages, 
The results are recorded in Table IV and Figure 3. The concentration of gly- 
cogen, in terms of its percentage of the live weight, was found to increase during 
the first two weeks until about 6.5 per cent of the animal consists of this substance, 
Thereupon, the concentration decreases rapidly and then more slowly during the 
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FiGuRE 3. Changes in the glycogen concentration of Drosophila as a 
function of the animals’ adult age. 


remainder of the month. The relationship is not significantly altered if the glyco- 
gen concentration is computed in terms of dry weight. Since water makes up 60 
to 72 per cent of the live weight of the animal, the concentration of glycogen thus 
increases during the first two weeks until it accounts for nearly one-fifth of the 
insect’s dry weight. 

The degree to which flight ability also varies with age was studied on a total 
of 117 individuals, only small samples being used from each food bottle. Since 
the wing-beat frequency of each animal was measured at frequent intervals during 
its continuous flight to exhaustion, the flight ability can be interpreted in terms 
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of the total number of wing-beats as well as in terms of the duration of flight 
(Table V and Figure 4). 


























TABLE V 


The relation between adult age and the flight ability of Drosophila funebris in terms of the average j 
duration of flight and the average total number of wing-beats in flights to exhaustion at 20.0 + 0.5° C. 


: : | ; 
Average duration of flight | Average total number of 








Average age Number of { 

(days) animals | (minutes) | wing-beats ' 

1 18 25.8 225,000 i 

2.5 15 97.7 809,000 H 

6.5 26 110.0 1,022,000 . 

14.5 20 102.3 910,000 d 
18.5 23 38.7 331,000 


33.5 15 19.0 172,000 j 
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Figure 4. The relation between the flight ability and the age of Drosophila. Upper curve, H 
average duration of flight as a function of age. Lower curve, average total number of wing-beats 
as a function of age. 


It is clear that the flight ability varies markedly with age. Animals one to 
two weeks old can fly for an average period exceeding 100 minutes during which 
time the number of consecutive wing-beats is about a million. In contrast, one- 
day-old animals, or individuals older than 25 days, can fly less than 26 minutes 
(226,000 double wing-beats). 
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DISCUSSION 


In view of the utilization of glycogen demonstrated in Figure 1, there can be 
little doubt that this substance is of primary importance in the flight of flies. The 
existence of a carbohydrate metabolism during flight has been previously indi- 
cated in investigations where the respiratory quotient of flying insects has been 
measured (Jongbloed and Wiersma, 1935; Chadwick and Gilmour, 1940). Al- 
though these studies demonstrated an R.Q. of unity, this value can also charac- 
terize protein metabolism, providing ammonia, carbon dioxide, and water are 
end-products. 

It is a remarkable fact that the glycogen concentration that we found charac- 
teristic of entire Drosophila at the optimal age approximates the concentration 
reported for the liver of mammals at the optimal age; i.e., about 6 per cent of the 
wet weight (Heymann and Modic, 1939). Such high concentrations of glycogen 
were noted by Claude Bernard (1879), who stated in his description of the larva 
of the housefly (p. 114): ‘‘on peut dire, sans exagération, que ces larves sont de 
véritables sacs 4 glycogéne.”’ 

Information concerning the role of glycogen in flight may be obtained by 
comparing the simultaneous changes in the glycogen concentration and in the 
frequency of wing-beat during continuous flights (Figures 1 and 2). Whereas the 
concentration of glycogen decreases regularly from the outset of flight to final 
exhaustion, the wing-beat frequency is essentially unaffected by this loss for a 
period after the initiation of flight. It thus appears that the neuromuscular 
system, in terms of the frequency of its activity, is in an approximately ‘‘ steady 
state’’ during this period. The duration of this condition is apparently deter- 
mined by the concentration of glycogen at the beginning of flight, for it is brief in 
animals that are either very young or very old and prolonged in animals at the 
optimal age of from one to two weeks. Hence, from this point of view, glycogen 
may be considered a reservoir of carbohydrate which is drawn upon during flight. 

The experiments of Beutler (1936 a and b; 1937) on honey-bees are of interest 
in this connection. The length of flight was found to be determined by the con- 
centration of sugar in the blood, and, furthermore, the concentration necessary for 
flight could be maintained for a prolonged period when the animal’s ‘‘honey- 
bladder”’ was full. Since the amount of glycogen in the honey-bee is very low, 
amounting to only 0.3 to 1.0 per cent of the live weight, it is probable that in this 
animal the contents of the honey-bladder play a role similar to that of glycogen in 
flies. 

There is evidence to discount the possibility that the stage of fatigue near the 
end of continuous flights in air results from the accumulation of lactic acid. As 
noted above, flight ability is not regained to any large degree after a rest of several 
hours following exhaustion. Furthermore, Chadwick and Gilmour (1940) have 
demonstrated that the oxygen debt of Drosophila repleta, following flight, is not 
more than 0.18 cu. mm. of oxygen, an amount which would be utilized in less 
than 6 seconds of flight. The magnitude of the oxygen debt likewise appeared to 
be independent of the length of flight. Hence the occurrence of fatigue is more 
adequately explained in terms of carbohydrate limitation than in terms of lactic 
acid accumulation. 

The data presented in regard to the physiological ageing of Drosophila demon- 
strate that an optimum age exists for flight which, in general, coincides with the 
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period of maximal glycogen content (Figures 3 and 4). The correlation between 
these factors is satisfactory, except that after reaching a maximum the flight 
ability decreases more rapidly with age than does the glycogen concentration. 
A possible explanation of this lack of complete agreement is the fact that entire 
animals were used in the analyses and, therefore, the percentage of glycogen that 
is unavailable for use during flight, due to its incorporation in the eggs and other 
tissues, could not be taken into account. The efficiency of glycogen utilization 
may also vary to some extent with age and thus affect the flight ability. 

Nevertheless, the general agreement between the simultaneous changes in the 
glycogen content and in the flight ability strongly suggests that the former is 
causally related to the latter. If the maturation and senescence of the flight 
ability is thus explained, then the larger question arises concerning the identity of 
the factors responsible for the changes in glycogen content which occur as the 
animals grow old in the presence of an optimum environment. 


SUMMARY 


The role of glycogen in the flight physiology was studied for two species of 
flies, Drosophila funebris and Luctlia sericata. Glycogen was determined by 
microchemical methods. The flight ability was measured stroboscopically in 
terms of the total number of wing-beats, under standardized conditions, in con- 
tinuous flights to exhaustion. 

Glycogen was found to be of primary importance in the physiology of flight. 
During continuous flight the concentration of this substance gradually decreases 


in both the entire animal and the thorax. 

The decrease in glycogen during the first stages of such flights has no marked 
effects on the intensity of flight, in terms of the frequency of wing-beat. 

Near the end of continuous flight the concentration of glycogen becomes 
limiting and wing-beat frequency rapidly:decreases until flight ceases before the 
frequency becomes as low as 100 double-beats per second. 

Both the flight ability of Drosophila and the concentration of glycogen vary 
as functions of age. During the first week of adult life the average length of flight 
increases from 26 minutes on the first day to 110 on the seventh and the total 
number of wing-beats from 225,000 to more than a million. Simultaneously the 
glycogen concentration rises from about 2.5 to 6 per cent of the live weight. In 
animals older than two weeks the flight ability and glycogen concentration de- 
crease rapidly and then more slowly until, by the thirty-third day, the average 
length of flight is reduced to 19 minutes (170,000 double wing-beats) and the 
glycogen concentration to about 3.5 per cent of the live weight. This correlation, 
although not exact, suggests that the physiological ageing of the flight ability 
results to a large degree from the simultaneous changes in the concentration of 
glycogen. 

We wish to thank Dr. L. E. Chadwick, Mr. O. P. Pearson, and Dr. H. Rahn 
for permission to include their unpublished data in Table I. 
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METHODS OF ESTIMATING THE EFFECTS OF MELANOPHORE 
CHANGES ON ANIMAL COLORATION 


G. H. PARKER 
(Biological Laboratories, Harvard University, Cambridge) 


In animal chromatics melanophores have received more attention than any 
other form of chromatophore. This has been due mainly to the conspicuousness 
and relative permanence of their pigment and to the consequent ease with which 
the changes in the disposition of this pigment can be followed. The technique of 
recording such changes varies more or less with the investigator and may well be 
a subject for critical consideration. Such a consideration is the aim of this paper. 
The questions herein discussed are well illustrated by the color changes in the 
catfish, Ameiurus nebulosus, and this fish will be used as an example in much of 
the present discussion. 

The older investigators in describing the various color conditions in animals 
were content to present them in terms of full paleness or full darkness as judged 
by the observer’s eye. It soon became evident, however, that such gross dis- 
tinctions were insufficient, and attempts were made to divide the color range of 
any given animal by points that would break it up into reasonable units. Many 
authors came to employ five such points which separated the whole range into 
quarters. The points thus used were, in addition to the extremes pale and dark, 
a middle point termed intermediate and two secondary points pale-intermediate 
and dark-intermediate in positions appropriate for these designations. 

In judging by this method of the color condition of a particular fish at any 
moment it was found desirable to have fixed standard color samples for compari- 
son. For such a fish as Fundulus these samples were easily made and preserved 
in formol-alcohol. Fixed samples of this kind are reasonably permanent and 
may be used with success in determining by ocular comparison the tints of living 
fishes in process of change. In Ameiurus a set of these samples has already been 
photographed and published (Figure 1). Ameiurus, however, offers by contrast 
an advantage over Fundulus in that four of its five stages in color change can be 
kept on hand conveniently and continuously as living laboratory material. The 
extreme pale state can be permanently maintained in fishes kept in white-walled 
vessels brightly illuminated from above (maximum effect of adrenergic fibers, very 
probably adrenaline; Parker, 1941). The extreme dark state, commonly called 
coal-black, is seen in blinded fishes also brightly illuminated (combined effect of 
intermedine and acetylcholine). Such fishes will remain completely dark even 
if kept with fully pale ones in white-walled, brightly lighted vessels. The only 
adverse effect in such a combination is to be seen in the pale fishes which will 
darken slightly in consequence of the presence of their coal-black neighbors as 
part of their environment. By a fortunate circumstance the intermediate state 
in Ameiurus is maintained by a hypophysectomized catfish with normal vision 
and in a black-walled lighted container (effect of cholinergic fibers—acetylcholine 
—alone). The dark-intermediate state is also a matter of coincidence in that it is 
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seen in catfishes with normal vision and in a black-walled, well lighted vessel. 
Such fishes, contrary to what might be expected, do not become coal-black (Parker, 
1941), but remain permanently in the dark-intermediate phase. The limitation 
of this response is not well understood. It may be determined by some peculiarity 
of the melanophores themselves or possibly by the absence of an additional dis- 
persing neurohumor, for coal-black, which might be liberated on the loss of the 


FicurReE 1. Range of tints from extreme pale to extreme dark (A) in the catfish Ameiurus 
and the conditions of its color-cells (B to G) at three stages. Macromelanophores (B) from derma 
and micromelanophores (C) from epidermis of fishes of palest tint showing maximum concentration 
of pigment. Large (F) and small (G) melanophores from coal-black fishes showing maximum 
dispersion of pigment. Conditions of the two kinds of melanophores (D and E) from fishes of 
intermediate tint. 
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eye. The last of these steps, the pale-intermediate, cannot be maintained easily 
in the living condition, but is best represented by a killed and preserved specimen. 
This phase doubtless could be established and kept in an illuminated vessel with 
walls of an appropriate gray, but this refinement has not been attempted. Thus 
four of the five critical steps in the color range of the catfish can be easily and 
permanently kept as shown in living laboratory examples for comparison with 
experimental fishes. Catfishes, the color states of which are to be determined, 
can be marked by the appropriate clipping of one of their fins and may then be 
liberated in a vessel with one or more standard fishes of given color for close com- 
parison. Such comparisons yield surprisingly clear and definite results. Since 
the colors of catfishes are not immediately altered by handling and since the 
completion of their normal color responses to differences in the environment re- 
quire hours or even days, comparisons such as those described, which take only 
a fraction of a minute to make, may be carried out with security. Tests of this 
kind are avowedly crude, but the terms in which they are described are not inexact 
as stated by Waring (1942). It would be impossible for any one working in 
animal chromatics to proceed far without the use of precisely such methods of. 
ocular comparison as those described, methods which have served as the basis of 
much recent work on animal chromatics. 

It was a natural step as the subject of animal color changes developed for 
workers to seek the relations between the color states of a given animal and the 
conditions of its chromatophores, particularly of its melanophores. The extreme 
conditions of the melanophores in the fully pale and fully dark Fundulus were 
photographed as early as 1913 by Spaeth. In consequence of the form assumed 
by the melanophore pigment in the two extremes and the intermediate tint of 
animals, it became usual to designate these pigment shapes as punctate, stellate, 
and reticulate, The states of the melanophores at the quarter points in the 
animal’s coloration were called by some workers puncto-stellate and reticulo- 
stellate. Thus this method though accurate in its way grew to be cumbersome in 
its nomenclature (Waring, 1942) and it is not surprising that it failed to gain great 
favor. 

A closely related treatment of the total melanophore range was put forward 
in 1928 by Slome and Hogben. It has since been several times redescribed and 
somewhat elaborated (Slome and Hogben, 1929; Hogben and Gordon, 1930; 
Hogben and Slome, 1931; Waring, 1942), and is now much in use. It consists in 
an arbitrary division of the whole melanophore range into four stretches by five 
division points which correspond very closely to the five points designated in the 
older nomenclature as punctate, stellate, reticulate, etc., and in giving to each of 
these five points a numerical designation from 1 for punctate to 5 for reticulate. 
The states of concentration or of dispersion of the melanophore pigment for the 
five points have been illustrated by sketches (Hogben and Gordon, 1930; Hogben 
and Slome, 1931) and these sketches have served as definitions for the points. 
This method at once did away with the cumbersomeness of the older terminology 
and gave to the work in this field not only greater: convenience but a certain 
quantitative aspect. By means of this system melanophore indices could be 
established for the several states of the color-cells which could then be plotted 
against time so as to allow a graphic representation of the changing melanophores. 
Such plottings have been very freely employed by recent students of color changes 
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(Hogben and Landgrebe, 1940; Waring, 1940; Neill, 1940) and have yielded in- 
teresting and important results. Several modifications of this system have been 
offered. Following the procedure introduced by Hewer (1926) Matsushita (1938) 
distinguished in the melanophore pigment changes from full concentration to full 
dispersion of the Japanese catfish Parasilurus six instead of five steps. These 
steps were defined by means of accurately drawn illustrations (Figure 2). By the 


FiGure 2. Six phases in the changes of a melanophore from its punctate condition (2), 
through its stellate stage (4) to its reticulate state (6, 7). The corresponding color conditions in 
the fish are pale (2), intermediate (4), dark (6), and coal-black (7). From the Japanese catfish 
Parasilurus asotus (L.). Matsushita (1938). 


use of a simple formula Matsushita obtained indices of the average conditions of 
the melanophores in a given fish at different color phases and plotted these on a 
scale of one-hundred against time. Thus this worker arrived at an exposition of 
his results much like that employed by Hogben and others, but on the basis of 
finer gradations. A move in the opposite direction was taken by Sawaya (1939) 
followed by Mendes (1942) both of whom, like Hogben and his co-workers, dis- 
tinguished five dividing points in the melanophore scale, but numbered them in 
reverse order, I for maximum dispersion and V for maximum concentration. In 
the plottings made by Sawaya no averages were employed nor were curves drawn 
as was done by Hogben and his associates. In consequence Sawaya’s tables 
show the coarseness of his original observations and lack much of the detail shown 
in the plottings by Hogben and his school. If in refinement Matsushita has 
somewhat overdone Hogben’s method, Sawaya has on the whole underdone it. 
The replacement of descriptive terms for the states of melanophores from 
punctate to reticulate by numbers has not only added great flexibility to the 
treatment of color changes, but, as already stated, has given the subject a quanti- 
tative aspect. This, however, may be its gravest defect, for it has tempted some 
of the less critical workers in this field into too great a reliance on what may be 
done with the quantitative statements that it has been brought to yield. The 
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originators of this method repeatedly called the attention of those who might use 
it to the fact that the subdivisions whereby the steps in the melanophore changes 
are indicated are made on an arbitrary basis which means that 4 in the scale series 
is not necessarily twice 2, nor 5 five times 1. Under these circumstances it is 
very questionable how legitimate are the averages and other mathematical results 
that have been indulged in and the reliability of the curves based upon these 
results. It seems possible that to a certain extent the method has run away with 
its proponents. Undoubtedly it can be made to lead to conclusions of much 
value, but it must be used with restraint, probably with much more restraint 
than has been exercised by some of its very recent advocates. No better caution 
as to its use can be given than that contained in the following passage from the 
paper in which the method was described by Slome and Hogben (1929). The 
authors of this paper remark concerning plottings, etc., based upon the use of 
this method that ‘‘in interpreting these results, which are presented in graphic 
form, it must be borne in mind that the numerical symbols applied to different 
configurations of the dermal melanophores are quite arbitrary, and therefore, 
though some insight may be obtained from a consideration of the intervals which 
elapse between equilibrium conditions and the intercalation of subnormal or 
supranormal phases, no significance can legitimately, be attached to the gradients 
of the curves.’’ So clear and understanding a caution as this calls for more con- 
servative estimates of results than those that have been proposed by some of the 
more recent workers. The temptation seems to have been to use such quantita- 
tive results as though they were founded on solid measurements instead of on 
arbitrary assignments. Because of the tempting ease with which reasonable 
boundaries in this kind of work can be overstepped, one is led to see greater real 
security in Sawaya’s coarser system or even in the earlier one of cumbersome ad- 
jectives for melanophore gradations which are only in a remote way suggestively 
quantitative. Possibly such a descriptive system may be as a matter of fact more 
truthful in portraying what is really observed about color-cells than one based on 
arbitrary numerical units not soundly quantitative. 

From time to time systems for the recording of chromatophores much more 
firmly grounded than that introduced by Slome and Hogben (1928) have been 
suggested. One of these advanced by Spaeth (1913b, 1916) much antedates that 
by Slome and Hogben. Spaeth discovered by following a line of work initiated 
by Ballowitz (1913) that the living melanophores in the freshly removed scale of 
Fundulus could be made by an appropriate treatment with barium chloride and 
sodium chloride alternately to disperse and to concentrate their pigment. This 
type of response which was rhythmic in character was at a rate essentially the 
same as that of the normal color change. Such rhythmic pulsations of the color- 
cells reach from complete concentration to complete dispersion and thus reproduce 
normal melanophore activity. By means of an ocular micrometer the changing 
diameter of the pigment mass in a single color-cell can be measured step by step, 
and the records thus obtained can be plotted against time as a graphic description 
of the activity of the melanophore. Thus some thirty pulses of a single color-cell 
were plotted by Spaeth over a period of about an hour. Spaeth (1916) subse- 
quently changed his method and rendered it somewhat more mechanical by 
adding to his microscope a recording device by which the tip of the column of 
pigment could be followed as it advanced into the process of the color-cell or 
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retreated from it. This gave almost perfect time records of the activity of the 
melanophore on the basis of absolute measurements. The method seems to have 
attracted no attention for it appears not to have been used nor criticized. 

A second largely objective technique for measuring melanophore activity was 
devised by Hill, Parkinson, and Solandt (1935). These workers threw a constant 
beam of light on the back of a restrained Fundulus the surroundings of which 
could be altered from black to white or the reverse thus to induce the fish to change 
color. The light reflected from the illuminated spot on the back of the changing 
fish was focussed on a photoelectric cell and the steps of change read off in a 
galvanometer. Thus measurements were obtained that could be plotted against 
time, and in this way curves for the dispersion and the concentration of melano- 
phore pigment could be obtained. This method agrees with Spaeth’s in that it 
is based upon absolute units. It has been criticized by Wykes (1937) and by 
Neill (1940) who object to it on the ground that it gives the ‘‘sum effect of color 
response only and . . . no information as to the activity of different pigmentary 
effectors."’ From the standpoint of its general applicability this is a serious 
defect. It must be borne in mind, however, that the fish used by Hill and his 
associated, Fundulus heteroclitus, has on its back whence the reflected light was 
taken very few chromatophores except melanophores. The scattered xantho- 
phores in this part of its body are insignificant in comparison with the dark color- 
cells. Consequently the measurements recorded by Hill and his co-workers from 
this part of the body of Fundulus are almost entirely dependent upon melano- 
phores. Of course in a fish such as Ameiurus where only melanophores are present 
Wykes’ criticism does not apply. 

A third distinctly objective method for the study of melanophore changes is 
that devised by Smith (1936). This method like that of Spaeth depends upon the 
use of pulsating dark color-cells in freshly removed scales, in this instance from 
the fish Tautoga. A beam of light is thrown through such a scale under the 
microscope and the change of intensity in this light as determined by concentra- 
tion or dispersion of the melanophore pigment is read off by a combination of a 
photoelectric cell in the microscope and an outside galvanometer. By this means 
readings can be taken at 10-second intervals or from ten to 15 readings for a single 
chromatic pulse. These readings can be plotted against time and thus made the 
basis of a curve for chromatophore activity in the same way as in Hill’s method. 
The chief difference between Smith’s method and that of Hill is that whereas in 
Smith’s technique transmitted light is measured in Hill’s it is reflected light. 
Smith's method like Hill’s is based on absolute measurements. It is also open to 
the same criticism as that urged by Wykes against Hill’s procedure. But this has 
as little force in the case of Smith’s records as it had in those of Hill, for in Tautoga, 
the fish used by Smith, the coloration of the scales is due predominantly to melano- 
phores. At the outset of any tests the melanophores in Tautoga commonly beat 
in phase, which as Smith pointed out, is essential to good readings. In course of 
time, however, many of them drop out of step with the result that the records, for 
instance, of the second quarter of an hour are less regular than those of the first 
quarter (compare Figure 1, Smith, 1936). Notwithstanding this defect Smith’s 
method has yielded the clearest and most convincing plottings of melanophore 
activity thus far published. 

The last three methods here discussed, those of Spaeth, of Hill, and of Smith, 
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are all based on sound physical measurements either of length or of light intensity. 
In this respect they are much superior to that of Slome and Hogben whose pro- 
posed units are arbitrary and lack real substantiality. As Slome and Hogben 
themselves remark, ‘‘no significance can legitimately be attached to the gradients 
of the curves” obtained by their technique. Such is not true of the records of the 
last three methods here described. These, but particularly the methods of Hill 
and his associates and of Smith, show curves that are consistently uniform and 
characteristic. These curves are S-shaped, sigmoid in form. This form of curve 
was noted by Parker (1935) in a discussion of the color changes in Fundulus. 
The color changes in this fish are almost entirely under nerve control. Blanching 
begins slowly due to the gradual accumulation of a concentrating neurohumor, 
probably adrenaline from adrenergic fibers, in the fluids around the melanophores. 
The later rapid increase of blanching indicates a high concentration of this paling 
neurohumor, and the following decline in the rate of color change till it reaches 
full cessation marks without doubt the limit of responsiveness of the melanophores 
to the activating agent. Darkening in this fish follows a similar course but in 
reverse direction and is probably due to the nervous neurohumor acetylcholine, 
for intermedine appears to play little or no part in this phase of Fundulus. The 
sigmoid form of the curves for melanophore activity is especially well shown in 
Smith’s plottings, but it is to be inferred clearly and easily from those by Hill and 
his associates. It can be discerned even in the graphs made by Slome and Hog- 
ben’s method though the fact that the plottings based upon this technique usually 
begin at what is the middle of such a curve disguises the whole reaction measur- 
ably. Nevertheless the elements of such a curve are there discernible. Thus 
the normal change in the dispersion and the concentration of melanophore pig- 
ment in a number of fishes appears to conform, when plotted, to a type of curve, 
the sigmoid curve, which is characteristic of the course of many living processes. 
In such a fish as Fundulus where the predominant chromatophores are melano- 
phores or in Ameiurus where the color-cells are exclusively of the dark type the 
color changes conform very exactly to the states of the color-cells. In dark fishes 
the melanophore pigment is greatly dispersed, in pale ones greatly concentrated. 
This position has been opposed by Neill (1940) who has contended that the color 
of a given fish is not closely related to its dark cells and he has tabulated conditions 
in the eel to substantiate his contention. As the foregoing discussion shows, a 
determination of this kind depends upon the chromatophoric constitution of the 
given fish. In the catfish with only melanophores the agreement is as near exact 
as can be measured, but in the eel with a sexually variable skin-background and 
several classes of diverse chromatophores it is not to be expected that there would 
be full agreement between the general tint of the fish and one set of color-cells, 
the melanophores. It is surprising indeed that, as the table published by Neill 
shows, the agreement in the eel is so close. That general color and states of 
melanophores are as intimately related as they are in many fishes indicates that 
of the various types of color-cells the dark ones commonly predominate and conse- 
quently the color changes follow in the main this type of chromatophore. In 
work of this kind anyone who wished to investigate the activity of xanthophores 
would not choose a fish whose color-cells were predominantly melanophores. 
Another question in dealing with melanophores has to do with the means by 
which the momentary state of a changing dark color-cell is to be recorded. For 
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this purpose photography has been of service. By means of succession photo- 
graphs of the same living melanophores at different stages the changes in these 
color-cells have been followed in small groups (Spaeth, 1913a) in a single cell 
(Perkins, 1928), or in a larger group (Parker, 1935). This procedure calls for the 
repeated identification in a living animal after considerable intervals of time of 
a particular color-cell or group of such cells and their rephotographing, an exacting 
exercise at the least. Moreover the handling of some live fishes induces under 
certain circumstances changes in the states of their color-cells that are disturbing 
in such an operation. Thus Fundulus darkens noticeably when taken from the 
water and handled. It is therefore not surprising that this method is not in 
common practice, yet it has yielded significant results in the study of the diffusion 
of neurohumors (Parker, 1935). 

The great difficulty in determining the exact condition of melanophores in 
living fishes, as might be inferred from what has been stated, is the ease with 
which many creatures respond by melanophore changes to handling and the like. 
This capacity is very different in different species. Thus in the catfish scarcely 
any change in color at all is to be seen on reasonably mild manipulation. Flatfishes 
on the other hand are very responsive to the slightest environmental disturbance 
such as a tap on their container or even the passage of the hand over the aquarium 
in which they are kept. Sticklebacks, according to Hogben and Landgrebe 
(1940), are moderately susceptible to such shocks and may thus be brought to 
shift their tints toward an intermediate phase if in the beginning they are at 
either extreme of color. To avoid these disturbing drifts Hogben and Landgrebe 
put single sticklebacks each in a small glass vessel supplied with a suitable current 
of water and with apertures by which the fish could be introduced and through 
which its tail could project. In taking readings such a glass with its contained 
fish was removed from the general aquarium, and with the fish’s tail projecting 
quickly but under the microscope with the tail in the field. Records were then 
made of the states of the melanophores and the fish discarded, for experience 
showed that it was not favorable material for further work. Much the same 
technique was followed by Neill (1940) in his study of the color changes of the 
eel and other fishes. It has long been the practice in the Harvard Laboratories 
to treat Fundulus in this way, but the color responses of this fish on handling 
take place so quickly that only approximate records can thus be obtained and 
these can be used only as rough indications of what is happening. 

To permit of deliberate inspection and measurement of melanophores under 
the microscope permanent preparations of the tails and fins of fishes have been 
made. Such preparations were prepared and photographed as early as 1934 by 
Parker. The method has also been employed by others especially by Wykes 
(1937). Much of its success depends upon the way in which the fins have been 
prepared, and as this technique is nowhere adequately described, the following 
brief account of it is given. ;, 

Permanent preparations of the fins of catfishes can be easily and quickly made 
by the following steps. With a strong pair of shears the fish is decapitated and 
its caudal fin severed from its body. This fin is then at once pinned out under 
water on a broad wooden spatula. To make a smooth preparation the fin must 
be fully stretched on the flat surface of the wood and held there firmly by the 
pins. The position of the two pins used for this purpose are shown in Figure 3 
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by the two holes, one each in the upper and lower margins of the tail near its root. 
As soon as the fin is stretched on the spatula the fin and spatula together are dipped 
momentarily in water at 60°C. This kills the tissues of the fin at once and thus 
stops any possible change in its melanophores. Such a method, which is the one 
used by Wykes (1937) and by me, is much quicker and therefore much more 
reliable than that employed by Waring, namely, fixation in Bouin fluid which, 
though a rapid killing agent, is by no means so rapid as heat. From the hot 
water the spatula and its attached fin are then transferred to a preservative such 
as formaldehyde-alcohol where they should remain about half a day. The pre- 
servative regularly used in this work was a mixture of equal parts of 95 per cent 





FiGuRE 3. Preparation of the tail-fin of the catfish Ameiurus with two caudal bands. The 
upper band is partly blanched but not as much so as the rest of the tail. The lower band was cut 
at the same time as the upper one and blanched at the same rate as that one did. Before the 
preparation was made the lower band was recut whereupon it darkened as compared with the 
upper band. Parker (1943). 


alcohol and 10 per cent aqueous formaldehyde. The success of the operation thus 
far depends upon rapidity. The period from the moment the fish is decapitated 
till its fin is histologically fixed by hot water must be as short as possible. With 
practice this interval can be reduced to some 25 seconds. So short a time is of no 
significance for the pigment movements in many fishes where, as in the catfish, 
the pigment change is a matter of hours or even days. The technique here de- 
scribed would of course be useless for a species such as the squirrel-fish whose 
change of pigment may be completed in as short a time as five seconds. In fishes 
the rate of whose color change is moderately slow, however, the method has 
proved to be fully satisfactory. 

From the formaldehyde-alcohol mixture the spatula with its attached fin is 
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next transferred to 70 per cent and then to 95 per cent alcohol. After hardening 
in this stronger alcohol for half a day the fin may be unpinned from the spatula, 
freed of its superfluous muscle, etc., and put into absolute alcohol. When de- 
hydration is complete it can be cleared in xylol, and mounted in xylol-balsam ona 
large slide under a cover-glass. Preparations of this kind may be conveniently 
used for study under the microscope and for photographic purposes (Figure 3), 
In such a preparation caudal bands of different states may be studied and com- 
pared. Even to the unassisted eye such bands may be characteristically different. 
Thus in the prepared tail shown in Figure 3 the uppermost band, induced by 
cutting the ray opposite the uppermost dot, was made several days before the 
fin was prepared. This band being on a pale fish gradually blanched, but not as 
much as the normal rays did as can be seen by comparing the ray opposite the 
middle dot with the one in question. The lower band opposite the lowest dot was 
made at the same time as the upper one, but after it had blanched to the same 
degree as the upper band it was recut with the result that its dark tint was revived, 
The revival of such bands by recutting is a matter of first importance in questions 
of color change and such a preparation as that shown in Figure 3 demonstrates 
how certain in their results materials of this kind are even to the unaided eye. 
Under the microscope melanophores in such preparations can be measured with 
a deliberate accuracy that no other method permits. 

This method has been criticized by Neill (1940) on the ground that the prepa- 
ration of the fin alters the form of the pigment mass so as to distort the record. 
According to Neill a melanophore index may change as much as a fourth of the 
whole scale due to the process of preparation. Such changes may possibly take 
place. If they do, they depend upon the rate at which the preparation is made as 
compared with the rate of color change in the given fish. Not the least indication 
of such a disturbing change is to be seen in the preparation of catfish fins. These 
fins can be prepared in less than half a minute whereas the color changes in this 
fish require hours or even days. Even in Fundulus where the color change is 
accomplished in a few minutes serviceable preparations can be made by this 
technique though this is perhaps the most rapid fish that can be used in this way. 
For fishes with a slower rate of change, and there are many such, the method is an 
admirable one. To such fishes the criticism advanced by Neill does not apply. 
In general I agree with Wykes (1938) when she declares that ‘‘ microscopic exam- 
ination of the state of the melanophores before and after fixation showed that 
the fixative had no detectable effect on the condition of these cells.” Neill’s 
criticism of this technique is certainly of most limited application. A real ob- 
jection to this technique, however, is that it necessitates the death of the fish and 
hence prevents a continuous series of observations over the whole range of a 
color change. But this is no worse than what is necessitated by Hogben and 
Landgrebe’s method where after one record the fish for the sake of security in 
later records is discarded. 

Wykes’ method of dealing with the melanophores in fixed preparations was to 
measure as did Spaeth (1913b), the diameter of the area covered by each of a 
large number of color-cells, average these measurements, and accept the average 
thus obtained as a rating for the melanophores of the given preparation. Such 
ratings could then be tabulated or, better, plotted against time and thus a graphic 
picture of the particular melanophore change could be obtained (Wykes, 1937). 
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Such technique has been applied with success to the catfish. In this animal 
as is well known there are two sets of melanophores, micromelanophores in the 
epidermis and macromelanophores in the derma (Figure 1). In the concentrated 
state the micromelanophore pigment mass (Figure 1, C) has a diameter of about 
12 microns, the macromelanophore mass (Figure 1, B) of about 45 microns. 
Reverting momentarily to the descriptive nomenclature for chromatophore states 
the punctate condition of the macromelanophore has then a diameter of about 
45 microns. The diameter of its stellate condition is approximately 100 microns 
(Figure 1, D) and of its reticulate state 145 microns (Figure 1, F). Thus the dif- 
ference between the extremes in the diameter of the pigment spread in the macro- 
melanophores of catfishes is roughly 100 microns and the average diameter at 
their maximum is some three times what it is at their minimum. 

These quantitative statements give much that is illuminating in the study of 
catfish melanophores, but in this particular animal they have a marked insuffi- 
ciency. For instance, they omit a very important and significant feature in the 
dark phase of catfish economy. To the human eye the dark phase of this fish 
so-called, that seen in a normal catfish in an illuminated black-walled vessel, and 
the coal-black phase shown by it in the eyeless condition are easily distinguishable 
(Figure 1, A, extreme right-hand fish and its immediate neighbor; compare in 
particular the tints of the fins). Yet the melanophores of these two phases cover 
similar areas. They would both fall under the same index, number 5, of Hogben 
and Slome; their diameters would be the same as measured by the method of 
Wykes. The fishes differ clearly to the unaided eye yet their melanophores would 
not differ by the methods of Hogben and Slome, and of Wykes. Where they are 
unlike is in the spread of their processes particularly in the regions of the roots of 
these processes (Compare Figure 2; 6 and 7). It is these heavier roots rather 
than a difference in total area covered by the melanophore that gives the coal- 
blackness to the blinded fish as contrasted with the mere darkness of the seeing 
one. Thus coal-blackness is a feature more easily recognized by the unaided eye 
than it is by other methods, a circumstance which points to the importance of 
the total inspection of color tints. 

Herewith is concluded this survey of the more important lines of technique 
whereby connections are sought between the color changes in animals and their 
chromatophores especially their melanophores. The conclusion to be drawn from 
this survey is that animal color changes and their color-cells are so diversely and 
intricately related that no single method is adequate as a means of complete 
elucidation. For one species a particular technique is more favorable than for 
another. Even the older methods of color comparison by the unaided eye when 
properly carried out yield results that are surprisingly worth while. Thus far 
adequate quantitative results have scarcely been attained, for much of the work 
done on the basis of arbitrary units will require revision and such quantitative 
technique as is really soundly reliable has not yet been put into conveniently 
workable form. A thoroughly serviceable quantitative technique for the study 
of color changes and their underlying mechanism is still to be devised. Meanwhile 
none of the several methods adopted by different workers can well be ignored, for 
notwithstanding the broad condemnation issued by such workers as Neill (1940) 
and Waring (1942) for all methods except their own, no single method has such 
superiority over others that it can enjoy exclusive possession of the field. 
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